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I am among those who think that science has great beauty.
A scientist in his laboratory is not only a technician: he is
also a child placed before natural phenomena which impress
him like a fairy tale.
–Marie Curie 1
Introduction
E
very field of science, technology and engineering in these modern days is blessed
by the application of “nanotechnology”. It is a young and burgeoning field in this
twenty first century, which has become the main focus of scientists and engineers
and attracted the attention of general public. This field is defined primarily by a unit of
length, the nanometer (1 nm = 10−9 m), at which lies the ultimate control over the form
and function of matter. Indeed, the types of atoms and their fundamental properties are
governed by the laws of quantum physics. So the smallest scale, at which we have the
freedom to exercise our creativity is in the combination of various types and numbers of
atoms used to fabricate new forms of materials and devices. Such capabilities result in
properties and performance far superior to conventional technologies and in some cases,
allow access to entirely new phenomena only available at such small dimensions.
The rapid growth of this field in the past two decades has been enabled by the sus-
tained advances in the fabrication and characterization of increasingly smaller structures.
Various classes of structures such as carbon nanotubes, fullerenes, quantum wires and dots,
nanocomposites etc. have been realized. The discovery of novel materials, processes and
phenomena at the nanoscale, as well as further development of new experimental and the-
oretical techniques have provided great opportunities for the development of innovative
nanostructured materials and systems. Materials engineered into unique nanostructures
showed various unique and intriguing properties and applications, which can represent the
building blocks of new structures and devices. The emergence of two paradigms, referred as
top-down and bottom-up has accelerated the fabrication process. Parallel development in the
imaging and characterization of nanometer scale structures is also taking place worldwide.
Scanning-probe technology has indeed provided the atomic scale resolution for a number
of different physical properties such as electronic structure, morphology etc. In addition,
these microscopy techniques have enabled to modify surfaces at nanometer scale, and thus
supported their own set of approaches for the fabrication of small objects. This field is
opening up new venues in science and technology day by day.
Among various nanostructures, nanowires (NWs) are especially attractive for future
nanotechnology applications. NWs, compared to other low dimensional systems, have two
quantum confined directions while still leaving one unconfined direction for electrical con-
duction. This allows them to be used in applications, which require electrical conduction
rather than tunneling transport. Because of their unique density of electronic states, NWs
in the limit of small diameters can exhibit significantly different optical, electrical and mag-
netic properties from their bulk 3D crystalline structure. Large surface area, high density
of electronic states, enhanced exciton binding energy, diameter-dependent bandgap and in-
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creased surface scattering for electrons and phonons are just some of the ways in which NWs
differ from their corresponding bulk materials.
In the semiconductor technology, most integrated circuits are practically developed on
Si substrates. However, III–V semiconductor materials have also gained more and more
importance in the last two decades. But Si and conventional III–V materials are not suit-
able for fabricating optoelectronic devices in the violet and blue region. Also, GaAs based
materials can not be used at high temperature. III–Nitrides (e.g. GaN, InN etc.) are
particularly suitable for application in these areas. Due to their large direct bandgap and
strong bonding, they have been used for the fabrication of high brightness blue light emitting
diodes (LEDs), laser diodes and high temperature transistors. Apart from optoelectronic
applications, nitride heterostructures play an important role in AlGaN/GaN based high
frequency, high electron mobility transistor devices. As a counterpart to planar structures,
III–Nitride NWs are expected to further improve the performance and efficiency of opto-
electronic device structures on the nanometer scale.
During the last ten years, a good number of research community has been involved
into the growth and characterization of III–Nitride NWs [1–5]. For device application, it is
important to have dense wires with controlled positions. So it is important to understand
the growth mechanism of NWs, which has not been explored thoroughly, particularly for
catalyst-free growth by Molecular Beam Epitaxy (MBE). On the other hand, a suitable
substrate is necessary for the growth so that it becomes compatible with the present Si
technology. Also, the interface between the substrate and NW is very important for devices
as the strain is generated due to the epitaxial relationship. Although the strain is relieved
by the introduction of dislocations, but such imperfections degrade the device performance.
So it is important to characterize those NWs both optically and electrically in order to
improve the crystal quality. Various growth parameters influence the surface morphology
of these wires, which in turn change their properties.
This thesis concentrates first on the growth mechanism of III–Nitride NWs grown by
plasma-assisted Molecular Beam Epitaxy (PAMBE). Subsequently, the influence of growth
parameters on wire morphology as well as the growth on various substrates such as Si(111),
Si(100) etc. have been explored. Optical properties and microscopy investigations are also
studied.
Chapter 2 briefly describes the crystal structure as well as some physical properties of
III–Nitride semiconductor materials. The suitability of different substrates for epitaxial
growth of III–Nitrides as well as various techniques for GaN and InN growth have also been
presented.
Literature survey about NW growth, synthesis and applications is presented in Chapter
3 with a special section on GaN and InN NWs. In Chapter 4, the MBE system used in
this thesis for NW growth has been described. The basic working principles of the relevant
analytical electron microscopy, optical and surface spectroscopy systems for nanostructure
characterization are also presented.
Chapter 5 describes the growth kinetics of NW with an emphasis on growth modeling,
nucleation and diffusion mechanism. A growth model is developed and compared with the
experimental data to understand the growth mechanism.
Experimental results on growth and characterization of both undoped and doped GaN
and InN NWs on Si(111) are presented in Chapter 6, Chapter 7 and Chapter 8. NWs grown
on Si(100), SiO2 as well as on Ge(111) are briefly discussed in Chapter 6 and Chapter 7.
3Chapter 9 discusses about GaN nanodots (NDs) fabrication by droplet-epitaxy method as
well as their characterization by surface analysis and microscopy techniques.
Finally, conclusions are drawn with a brief summary of the work and an outlook for
further investigations in Chapter 10.

The most beautiful experience we can have is the mysterious
- the fundamental emotion which stands at the cradle of true
art and true science.
–Albert Einstein 2
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Wide bandgap III–Nitride semiconductors such as (Al,Ga,In)-N, have seen enormous
success in their development at the latest stages of 20th century. The unique properties of
these materials make them suitable for a variety of applications, for instance, in the field of
optoelectronics and high-power electronics. This chapter discusses the physical properties of
III–Nitride semiconductors with special focus on GaN and InN.
2.1 Introduction
I
n the class of wide band gap semiconductors, III–Nitrides are the representative fam-
ily of III–V semiconductors. The intriguing properties of III–Nitride materials have
attracted the attention of the research community, thus leading to an exponential in-
crease in activity directed towards electronic and optoelectronic applications. The direct
bandgap is a beneficial feature for optoelectronic device applications. This class of materials
additionally appears to form the first semiconductor systems in which extended defects do
not severely affect the optical properties of devices. A low intrinsic carrier density leads
to low leakage and low dark current, which are particularly important for photo-detectors
and high-temperature electronics. III–Nitride semiconducting materials are very robust
having high mechanical strength and therefore suitable for high-frequency and high-power
applications. In summary, III–Nitrides prove themselves as very attractive materials for
applications in semiconductor devices. Some of the important physical properties of III–
Nitride materials (e.g. GaN, InN) will be discussed very briefly in the following sections.
2.2 Crystal Structure
III–Nitride semiconductors crystallize into wurtzite (WZ) crystallographic orientation (α–
phase); beside the α-phase, a metastable β-phase with zinc-blende (ZB) structure also exists.
The group III–Nitride commonly refers to AlN, GaN, InN and their alloys. Nitrogen atoms
form hexagonal close packed or hcp structure and the group III atoms occupy half of the
tetrahedral sites available in the hcp lattice as shown in Fig. 2.1(a). III–Nitrides are polar
crystals as they do not have a center of symmetry. So they show other important properties
like piezoelectricity, pyroelectricity etc. The large difference in electronegativity between
the group III and group V elements (Al = 1.18, Ga = 1.13, In = 0.99, N = 3.1) results in
5
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Figure 2.1 Schematic diagram of (a) wurtzite and (b) zinc-blende crystal structures. The
large spheres are the group III elements and the smaller spheres are nitrogen [6].
very strong chemical bonds between them [7]. Some of III–Nitrides in comparison to those
of the materials usually used as substrate are listed in Table 2.1.
Table 2.1 Physical properties of group III–Nitrides compared to semiconductor usually
used [6, 8–10].
Parameters GaN InN AlN Si Al2O3 6H-SiC
Bandgap, Eg [eV] 3.4 0.6 ∼ 0.7 6.2 1.1 9.1 3.0
Lattice constant, a0 [A˚] 3.189 3.54 3.112 5.43 4.758 3.081
Lattice constant, c0 [A˚] 5.186 5.704 4.982 - 12.991 15.117
Relative dielectric constant, r 8.5 15 8.5 11.8 9.4 - 11.5 9.66 - 10.03
Effective electron mass, me [m0] 0.22 0.04 0.29 0.19 - -
Electron mobility (300K), μ [cm2V −1s−1] 1200 4000 - 1500 - < 400
Thermal conductivity, κ [Wcm−1K−1] 2.1 0.8 2.9 1.5 0.35 4.9
Fig. 2.1 shows the diagrams of WZ and ZB structures, respectively. The large spheres
are the group III elements and the smaller spheres represent group V element, nitrogen.
The WZ[0001] (c-axis) and ZB[111] axes are the equivalent axes and polarization occurs
along these axes due to the differences in the electronegativities between group III and V
elements as mentioned earlier. In the WZ structure, a thick hexagonal line surrounds the
group III polarized (0001) surface also denoted as ‘c’ plane. In heterostructures, interface
charges are generated due to the difference in polarization, which leads to polarization fields
within the crystal. In Fig. 2.1 also, ‘m’ and ‘a’ surfaces are shown, which are not polarized.
It is thought that internal electric fields are not generated when these surfaces are used for
the growth of heterostructures. In cubic crystals, the {100} planes are not polarized, which
are generally used as crystal growth surfaces.
The hexagonal crystals of AlN, GaN and InN exhibit direct-transition bandgap struc-
tures, whereas the cubic structure of AlN shows indirect bandgap. The direct optical
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bandgaps are ranging from 0.7 eV for α-InN and 3.4 for α-GaN to 6.2 eV for α-AlN (cf.
Fig. 2.2). Earlier, InN was initially reported to have an energy gap of 2 eV [11] but very
recently, a lower value below 0.7 eV has been reported based on the optical properties of
high-quality hexagonal InN epitaxial layers with low background electron densities grown by
direct gap
indirect gap
Figure 2.2 Energy gaps (at 300 K) and lattice constants for III–Nitride semiconductors
with WZ (α-phase) and ZB (β-phase) structures [12].
MBE [13]. This bandgap is remarkably small as compared to AlN and GaN, which have very
wide energy bandgap. In case of AlGaN alloys, the difference between the lattice constants
of AlN and GaN is 2.5% and relatively high-quality AlxGa1−xN alloys can be grown. The
difference between the lattice constants of InN and GaN is 11.0% and that of InN and AlN
is 13.5%. It is therefore difficult to grow high-quality crystals of these alloys; in addition,
their strong immiscibility and large differences in optimal growth temperatures complicate
this task further.
2.3 Substrates for III–Nitride Growth
Due to the lack of suitable and cheap homosubstrates, III–Nitride semiconductor based
devices (diodes, transistors) have been fabricated on Si(111), Al2O3(0001) (sapphire) or
SiC(0001) substrates due to the hexagonal surface symmetry. All these substrates show
different thermal and lattice mismatch (cf. Fig. 2.3) in respect to nitrides, which result
in strain (tensile or compressive) and defects in the grown layer. As far as sapphire is
concerned, the low thermal conductivity makes it less suitable for high power applications.
SiC is the best choice from matching of lattice constants and thermal coefficients but SiC
substrates are very expensive. Si is a low cost substrate, which has many advantages such as
good thermal conductivity, large size wafer due to the well established Si technology. Large
drawbacks of Si substrates are large mismatches in lattice constants and thermal expansion
coefficients to III–Nitrides, which produce strain in the grown layer giving rise to cracks.
This problem can be avoided by using complex alternating layers to accommodate the strain
and produce high-quality crystal.
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Figure 2.3 Thermal and lattice mismatches in heteroepitaxy growth [6].
2.4 Epitaxial Growth of GaN and InN
The epitaxial growth of high-quality GaN initiated the development of nitride-based opto-
electronic devices [14]. Although Al2O3(0001) substrates have a 16% lattice mismatch to
GaN(0001), using a low-temperature buffer layer for example, AlN, a high quality GaN thin
films can be obtained by Metal Organic Vapor Phase Epitaxy (MOVPE)1 [15, 16], which
reduces dislocations or defects originating at a heterointerface. Single crystal GaN has also
been successfully grown by Hybrid Vapor Phase Epitaxy and MBE on Si, GaAs and SiC [17].
In a typical MOVPE system, trimethylgallium and trimethylaluminum are used as source
gases for Ga and Al, respectively and ammonia as a source of nitrogen. A mixture of the
inactive gases H2 and N2 perpendicular to the substrate can bring the reactant gas in
contact with the substrate that promotes the 2D growth rather than 3D and improves the
quality of GaN layers significantly [18]. Growth on lattice-mismatched substrates almost
always involves the use of buffer layers, which provide high density of nucleation centers
and helps to initiate the lateral growth of the main epilayer. As far as MBE-grown GaN
is concerned, growth temperature is low as compared to MOVPE and gas-phase reaction
does not take place efficiently. Thats why, the growth rate of GaN is low, although a higher
growth rate close to MOVPE has also been successful using ammonia, which is commonly
used as nitrogen source [19, 20]. The sticking coefficient of Ga is practically unity below
710 C. So the growth temperature of III–Nitrides should be low to avoid desorption of
group III elements. However, if the temperature is too low, 3D islands are formed. On the
other hand, higher nitrogen incorporation can be achieved by electron cyclotron radiation
or radio-frequency (rf) plasmas instead of ammonia. Similar to MOVPE, a buffer layer can
also improve the quality of GaN epilayers. For example, AlN buffer layer can be grown on
Si(111) substrate using aluminium and ammonia and it is a common practice in MBE [21].
This buffer layer can prevent the formation of SixNy and promotes the 2D growth of GaN.
1Also widely known as Metal Organic Chemical Vapor Deposition or MOCVD.
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As far as MBE-grown InN is concerned, the equilibrium vapor pressure of nitrogen on
InN is extremely high, so InN growth takes place at low temperature as compared to GaN.
On the other hand, the vapor pressure of In is only 10−6 Torr even at 600 C, which leads to
the formation of growth inhibiting In droplets during deposition. While the surface diffusion
of In is reduced at high V/III ratios and the surface flatness and crystallinity degrades, i.e.
the stoichiometry of the growing surface must be controlled with high precision. Further,
the low growth temperature for InN leads to another problem of large mismatch in epitaxy
temperatures among other III–Nitrides when fabricating multiple quantum well structures
for device application. That is, the growth of GaN, AlN and ternary alloys at the same low
temperature is difficult.
While comparing the MBE and MOVPE techniques for the growth of high-quality InN
thin films, it appears that in MBE, the nitrogen used as the nitrogen source is extremely
chemically active, enabling low temperature growth; but in MOVPE, the ammonia nitrogen
source is thermally stable and does not decompose at low temperatures that necessitates the
use of extremely high but impractical V/III ratios (> 10,000). Further, there is an additional
problem with ammonia that the hydrogen produced as a by-product during decomposition
attacks the InN layer itself. For this reason, MBE is considered better suited for the growth
of InN.

The important thing in science is not so much to obtain new
facts as to discover new ways of thinking about them.
–William Lawrence Bragg 3
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Fundamental research on semiconductor nanowires (NWs) has been carried out widely for
a variety of materials as they have unique structural and physical properties relative to their
parent 3D crystalline bulk structure. They offer a new scenario for potential applications.
This chapter briefly discusses various growth processes and promising device applications of
NWs.
3.1 Introduction
S
ince the discovery of carbon nanotubes [22], there have been parallely great interests
as well as rapid research and development in nanostructured semiconductor materi-
als. Fundamental concepts, control and application of these nanoscaled crystalline
solids still remain focus and main interest of nanomaterials research. Continuous device
miniaturization and new innovations in devices are the main aims for semiconductor indus-
try. However, further decrease in device dimension may not guarantee the functionality of
a circuit as classical physics becomes invalid. As far as semiconductor processing is con-
cerned, top-down process is widely used in ultra large scale integration technology. But
further shrinking of the dimensions requires high-resolution process technology, which in-
volves high production cost. So another alternate approach named bottom-up can be a way
where the growth of nanosized structure takes place directly onto the substrate.
NWs have emerged as important low-dimensional materials, which exhibit a wide range
of electronic and optical properties and have been of both fundamental and technological
interests. Considerable progress has been achieved in the development of (1) various methods
to synthesize NW structure with different size, composition and hierarchical complexity;
(2) improved analytical techniques to investigate their properties; (3) effective methods of
controlling their assembly, and (4) computational methods to predict their properties. Since
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the beginning of 1990’s, a lot of research publications related to NW growth, properties and
applications are available [23–25]. The interests on NWs are still growing and new potential
applications are emerging [26–28].
3.2 Synthesis of Nanowires
Various synthetic approaches have been developed to successfully fabricate high crystalline
quality NWs for a variety of materials ranging from metals and semiconductors to oxides. In
order to grow NWs, anisotropic growth is required, i.e. the crystal grows along a particular
orientation faster than other directions. Uniformly sized wires, i.e. the same diameter along
the vertical direction of a given NW can be obtained when crystal growth proceeds along one
direction, whereas almost no growth occurs along other directions. Defects and impurities
at the growth surfaces can also play a major role to determine the wire morphology. Some
of the most important techniques for NW synthesis will be discussed in the following.
3.2.1 Vapor-Liquid-Solid Growth
Successful synthesis of NWs can be achieved by different growth techniques taking the ad-
vantage of vapor-liquid-solid (VLS) mechanism of anisotropic crystal growth. This growth
mechanism was first proposed by Wagner and Ellis for the growth of micrometer size single
Figure 3.1 Schematic diagram showing the VLS growth process of Si NWs [25].
Si crystals denoted as whiskers [29]. The actual growth takes place on a clean, defect-free
surface of a substrate (usually semiconductor wafers, sapphire or glasses). A schematic
example of VLS growth of Si NWs is shown in Fig. 3.1. At first, tiny metal clusters (e.g.
Au or other metals) are deposited on the substrate, which is loaded into the growth cham-
ber and heated until the metal clusters are melt to form liquid droplets1. In the second
step, the absorption of source material from the gas phase into liquid droplet of catalyst
takes place. Continuous incorporation of precursor atoms into the liquid droplet leads to
a supersaturation of the liquid alloy. As a result, crystal growth occurs at the solid-liquid
interface by precipitation and NW growth takes place. Since the liquid droplet catalyzes the
incorporation of material from the gas source to the growing crystal, the structure grows
anisotropically as a NW, whose diameter is determined by the size of the liquid alloy droplet.
The droplet in most cases remains at the tip of the NW during the subsequent growth.
1A suitable temperature is chosen considering the binary phase diagram between the metal and source
material.
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A wide variety of semiconductor NWs (elemental, binary and compounds) has been
synthesized by the VLS method. At the beginning of 1990’s, GaAs p-n junction wires
have been synthesized by MOVPE [30]. An excellent work led by Lieber group at Harvard
University was focusing on the fabrication and studying the basic physical properties of
Si NWs grown by Chemical Vapor Deposition (CVD) with Au-Si eutectic [31]. Those
NWs were used to fabricate semiconductor devices [32]. The Yang group at University
of California, Berkeley investigated ZnO NWs and showed the lasing effect for the first
time [33]. The Samuelson group at Lund University showed the successful epitaxial growth
of III–V NWs and heterostructures to fabricate complex nanoelectronic devices [34]. The
growth of elemental Ge NWs has been reported very recently with a direct observation in
various growth stages in correlation to Au-Ge binary phase diagram [35]. Similar in-situ
observation of Si NWs using ultra high vacuum (UHV) transmission electron microscopy
(TEM) has also been reported [36].
3.2.2 Vapor-Solid-Solid Growth
NW growth is also possible by metal nanocluster-catalyst particles below the eutectic tem-
perature. This implies that a different growth mechanism should be involved. This has been
demonstrated by using in-situ TEM of GaAs NWs grown by MOVPE [37]. The analysis
shows that nucleation and growth are preceded by a process, different than the VLS namely
vapor-solid-solid (VSS), where NW growth species or adatoms are transported by a solid-
state diffusion mechanism. The Lund group has also confirmed that this VSS mechanism
may also be operated in InAs vapor-phase assisted growth [38]. Further understanding of
this mechanism may lead to synthesize NWs of different materials.
3.2.3 Vapor-Solid Growth
NWs can also be grown without a metal cluster by a self-organization process named vapor-
solid (VS) process in which a vapor precursor is produced by thermal evaporation, laser
ablation, MOVPE etc. Common examples are binary-metal oxide NWs like ZnO and Ga2O3
[39,40]. During the growth process, the precursor gas is decomposed due to a high reaction
temperature or the pure metal (Zn and Ga) powder is evaporated under a suitable flow
gas atmosphere. As Zn and Ga are characterized by low melting points and sublimation
temperatures, which are also comparable to those in the reaction chamber, a segregate at
the surface of the substrate, particularly at places with inhomogeneities or defects, or at
the cooler parts of the tube walls, is very probable and NWs grow. Various hierarchical
semiconductor nanostructures through the VS growth mode have also been reported [41].
It must be mentioned here that NW diameter can be varied by changing the evaporation
conditions but no precise control of spatial arrangement can be achieved.
3.2.4 Chemical Solution-based Growth
Different chemical solution-based methods can be used to fabricate NWs. The growth is
often carried out at low temperature and precise control of size and shape may be achieved.
Si NWs [42] and Ge NWs [43] have been grown by supercritical fluid-liquid-solid method
using Au nanocrystals as seeds. The growth of ZnO NWs by thermal decomposition of
chemicals in aqueous solution has also been reported [44,45]. One of the advantages of this
solution-based growth is the possibility to make NW arrays on large scale at low cost on
various (flexible) substrates, which are very interesting for optoelectronic [46] or solar cell
applications [47].
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3.2.5 Template-assisted Synthesis
Another way of obtaining NWs involves the use of nanostructured templates, which act as
host material and NWs can be grown into or onto it. After the growth into templates,
selective etchants can be used to isolate NWs. The growth into template material having
columnar pores has the advantage to be a straightforward alignment method for NWs and
allows flexibility in deposition methods, which include metal-catalyzed growth, catalyst-free
growth from the vapor or liquid phases, electrochemical methods and solution-gelation (sol-
gel). In addition, the diameter can be controlled by the pore diameter of the template.
High-quality, single-crystalline Si and SiGe NWs have been produced using anodic alumina
oxide templates with a metal catalyst [48]. Ag NWs with high aspect ratio are also pre-
pared via electrochemical plating into porous alumina templates [49]. For selective-area
MOVPE grown GaAs NWs, SiO2 deposited on GaAs(111) is patterned periodically by e-
beam lithography and wet chemical etching techniques to open the windows so that wires
can grow selectively into those openings [50]. This technique helps to fabricate NWs at
predetermined positions without the help of any catalytic particle and controls the epitax-
ial growth precisely. InGaAs NWs have been fabricated by the same method on InP(111)
substrate [51]. InP/InAs/InP core-multishell NW arrays by selective-area MOVPE method
have also been successful [52].
3.3 III–Nitride Nanowires
Since the end of 1990’s, considerable progress has been made to grow III–Nitride NWs. For
example, GaN NWs were first grown in 1997 through a carbon nanotube-confined reaction in
which Ga2O vapor was reacted with NH3 gas in the presence of carbon nanotubes [53]. Fur-
ther development takes place to grow GaN wires by PAMBE under nitrogen-rich condition,
where no catalytic particle is used and the grown wires had excellent structural and optical
properties [1, 54]. The use of MOVPE and appropriate substrate selection to control the
crystallographic growth directions of high-density arrays of GaN NWs with distinct geomet-
ric and physical properties have been demonstrated and their selective growth takes place at
different direction (triangular or orthogonal cross-section) depending on the substrate [55].
High-temperature in-situ self-catalytic VLS GaN NW growth observation in the TEM shows
single-crystalline structure [3]. Mg-doped p-type vertical GaN NWs have been synthesized
by metal-catalyzed CVD method on c-plane sapphire [2]. Laser-assisted catalytic growth
using a GaN/Fe target produces a high yield of GaN wire-like structures having diameters
of the orders of 10 nm and lengths greatly exceeding 1 μm [56]. High-purity and quality
GaN wires are accomplished by a catalytic growth using Ga and ammonia in which a se-
ries of catalysts and different reaction parameters were applied to systematically optimize
and control the VLS growth [57]. CVD method using the reaction of Ga and GaN mix-
ture with ammonia has been used to produce single-crystalline wires with few defects [58].
Controllable growth of GaN wires have also been reported at low temperature [59].
Various growth techniques have been implemented to grow InN NWs including MBE
[4,60,61], chemical beam epitaxy [62], vapor reactive epitaxy [63] etc. Further efforts have
been made to optimize the growth of InN NWs by MBE [60] and investigate their properties
[61]. Due to the low decomposition temperature of InN, typical growth temperature is
limited between 400 – 600 C [4]. Thats why it is difficult to grow InN NWs by MOVPE. Very
recently, the growth of single-crystalline InxGa1-xN NW is synthesized by low-temperature
halide CVD method for the entire composition and the emission from near-ultraviolet to
3.4 Applications 15
the near-infrared region has been recorded [5].
3.4 Applications
There is a great scientific interest to provide possible applications for NWs, which could
benefit from their unique and tunable properties. Some of the various device applications
shown in the last few years are discussed in the following.
The NW approach allows various semiconductors to be simultaneously used in devices
to produce diverse functionalities. Not only can wires of different materials be combined,
but a single wire can be made of different materials. For example, junctions made from
GaAs and GaP show quite good rectifying behavior and good electronic interfaces between
two different materials [64]. NW-based field effect transistor (FET) has been demonstrated
based on various materials. Size-dependent performance limits of Ge/Si NW FETs in the
sub-100 nm channel length regime have been demonstrated very recently in which electrical
transport measurements and modeling studies demonstrate that the nanoscale metallic con-
tacts overcome deleterious short-channel effects present in lithographically defined sub-100
nm channels [65]. A combination of organic material with Si NW FET has been precisely
configured to desired nonvolatile analog state dynamically, repeatedly and reversibly [66].
Fabrication of a p-FET and an n-FET with a Si NW channel and doped silicon source
and drain regions have been realized [67]. First-generation vertically integrated NW FET
exhibits electronic properties that are comparable to other horizontal NW FET [68]. Ver-
tical enhancement-mode InAs NW based FET [69] and a rf single-electron transistor from
InAs/InP heterostructure NW [70] have been reported very recently. Apart from that, var-
ious diode structures like Schottky diode from GaN NWs [71], p-n junction diodes from
doped InP [72] have been reported previously. Fabrication of vertical surround-gate FET
based on epitaxially grown Si NW [73] and ZnO [74] has already been demonstrated. Var-
ious logic devices have also been realized using NW junctions [75]. An ultimately scaled
multiple-gate Complementary Metal Oxide Semiconductor (CMOS) thin-film transistor with
a poly-Si NW demonstrates the feasibility for vertical integration using multiple active lay-
ers for application in the terabit memory era [76]. Various architectures based on CMOS
and NW have been proposed for future device fabrication along with their performance
analysis [77–79].
NWs also showed promises in optical applications. LEDs have been achieved using
NWs [72, 80–83]. Light emission from quantum wire p-n junctions [84] and other hybrid
structures [85] are interesting as well for laser applications. Particularly, ZnO can work as
optical resonator cavity and gain medium so that optically pumped lasing can be observed
from vertical NWs [33,86].
Nanostructures with wide band gaps (e.g. TiOx, ZnO) have emerged as important com-
ponents in photovoltaic devices [87,88]. Highly conductive wide band gap transition metal
oxide nanostructures have been used in dye-sensitized solar cells to provide a conductive
path for the collection of photo-excited carriers [89–91]. As NWs provide large surface area
with good chemical bonding to the polymer, they can be utilized for efficient charge transfer
in a solar cell [92].
A simple, low-cost approach that converts low-frequency vibration/friction energy into
electricity using piezoelectric ZnO NWs has been demonstrated very recently [26], alterna-
tively a p-i-n coaxial Si NW solar cells could be integrated into a new system to provide the
required power [93].
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Nanosensors made from NWs for chemical and biochemical species have been suggested
to be effective and highly sensitive due to the increased sensitivity and fast response time
[94–101]. NWs have also been used for thermoelectric [27, 102] and magnetic [103, 104]
applications.
3.5 Conclusion
A rapid progress in NW research development has been seen over the last ten years. At
present, the progress is at the device demonstration level. A lot of synthetic techniques has
been developed to efficiently grow NWs. The control in structure, size and spatial alignment
as well as good crystallinity are still under investigation and should be improved in order
to get the chance to replace the present top-down approach. There are many interesting
discoveries to date related to NW properties, which are not present in their bulk mate-
rial counterparts and new unexplored physical phenomena related to quantum confinement
effects are more likely to be found. Other advantage like the flexibility of working with
non-traditional substrates will continue to attract researchers and technologists.
Physics is mathematical not because we know so much about
the physical world, but because we know so little; it is only
its mathematical properties that we can discover.
–Bertrand Russell 4
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III–Nitride nanowires (NWs) studied in this thesis have been grown by Molecular Beam
Epitaxy (MBE). This deposition technique has been discussed briefly in this chapter with
emphasis on plasma-assisted growth. In order to characterize these NWs, various analytical
techniques have been used. A brief introduction of all the instruments has been presented
along with their basic working principles.
4.1 Molecular Beam Epitaxy
M
olecular Beam Epitaxy (MBE) is an UHV-based deposition technique. The
term “molecular beam” refers to thermal beams or the species of atoms or
molecules. The essential components necessary in a MBE system for growth of
semiconductors are schematically illustrated in Fig. 4.1. In the following, we explain all the
components used in the system.
Well-designed Knudsen effusion cells or K-cells are the basis of beam sources used in
MBE. Materials in form of solid or liquid are held in an inert crucible of the K-cells, which
are heated by resistive coils. A thermocouple is used to provide temperature control. The
intensity of the flux of the species or dopant components can be controlled by a proportional
integral derivative controller, which controls the variation of temperature of the cells with
adequate accuracy. All the metal sources used for III–V epitaxy are conventional effusion
cells. The Ga cell used in our MBE system is a dual filament effusion cell in which two
independent heater filaments are used: a tip heater for the crucible lip and the aperture
region and a base heater for the crucible body. The Ga cell is operated in a “hot-lipped”
mode with the tip heater warmer than the base, compensating for increased radiative heat
loss in the lip region. Re-condensation of the evaporated Ga is thus reduced, resulting in
more uniform and reproducible beam fluxes.
The composition of the grown epilayer and its doping level are related to the rela-
tive arrival rates of these elements and dopants, which in turn depend on the evaporation
17
18 Chapter 4. Experimental Methods
K-cells
Shutters
Substrate
Heater
Transfer
Chamber
Growth
Chamber
Figure 4.1 Schematical set up of the MBE growth chamber [105].
rates of the appropriate sources. Because of the relatively low growth rate (typically 0.1 –
1 μm/hr), surface migration of the constituent atoms is ensured to obtain a smooth sur-
face under optimal step flow growth conditions. This low growth rate also helps to fabricate
heterostructures and low-dimensional quantum structures. In fact, one can control the com-
position of the growing structure at monolayer level simply by using mechanical shutters.
The operation time of a shutter is approximately 0.1s, which is normally much shorter than
the time needed to grow one monolayer (typically 1 – 5s). An important issue is the purity of
the deposited materials, therefore the rate of desorption from the materials of the chamber
components has to be as low as possible. So for instance, pyrolytic boron nitride is chosen
for the crucibles due to its chemical stability up to 1400 C. Molybdenum and tantalum are
widely used for the shutters, heaters and other components. In order to achieve UHV, a
bake out of the whole chamber is required any time after having vented the system for
maintenance. A routine bake out also improves the vacuum of the system. A cryogenic
shield minimizes spurious fluxes of atoms and molecules from the walls of the chamber.
The UHV environment of the system is also ideal for many in-situ characterization tools
like Reflection High Energy Electron Diffraction, X-ray Photoelectron Spectroscopy (XPS),
Auger Electron Spectroscopy.
In order to avoid exposing the growth chamber to increased ambient pressure for sample
transfer, the MBE system is normally equipped with two chambers. The sample is first
placed into a “load lock” equipped with a cassette that permits multiple sample loading.
A turbo pump is used to evacuate the load lock chamber. After evacuation of the loading
chamber, the substrate is transferred into a larger growth chamber, which is maintained at
UHV and equipped for growth and analysis.
For III–Nitride MBE system, additionally a plasma source operating at radio-frequency
(rf) to produce active nitrogen is available. This kind of system is known as plasma-assisted
Molecular Beam Epitaxy (PAMBE). The cracking efficiency of nitrogen source depends
on the forward power of the rf generator. The components in the activated nitrogen flux
include nitrogen atoms (N), excited molecules (N2∗) and ionic species (N+2 , N
+).
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4.2 Scanning Electron Microscopy
The Scanning Electron Microscopy (SEM) is an electron beam focusing system for the anal-
ysis and examination of microstructure morphology and chemical composition. It basically
detects secondary electron emissions from a bombarded specimen. When the incident elec-
trons impinge on the specimen surface, they penetrate into the sample for some distance
before they encounter and collide with a specimen atom. The primary electron beam pro-
duces a region of primary excitation and due to the ionization of the specimen atoms, loosely
bound electrons may be emitted, which are known as secondary electrons. Some electrons
known as backscattered electrons undergo a single or multiple scattering events and escape
from the surface. A variety of other signals like characteristic X-rays, Auger electrons and
cathodoluminescence (CL) are also produced. The size and shape of the interaction zone
Figure 4.2 Schematic diagram of the SEM [106].
or region is largely dependent upon the beam electron energy and the atomic number of
the analyzed material. The volume and depth of penetration increase with an increase of
the beam energy and fall with the increasing specimen atomic number. The most widely
used signal is the secondary electron emission signal. Secondary electrons are used princi-
pally for investigation of topographic contrast, i.e. for the visualization of surface texture
and roughness. Low voltage incident electrons will generate secondary electrons from the
very surface region, which will reveal more detailed structure information on the sample
surface. Backscattered electrons provide both compositional and topographic information
in the SEM.
A schematic diagram of a SEM is shown in Fig. 4.2. The electron gun produces electrons
and a potential difference of 0.1 – 30 kV is usually used to accelerate the electrons and focus
them onto the specimen by means of a double condenser lens system and an objective lens.
A stable electron beam with high current, small spot size, adjustable energy and small
energy dispersion is desirable in the modern SEM, which uses field emission sources instead
of tungsten or lanthanum hexaboride cathodes. A pair of scan coils is used to produce
deflections over the specimen in the form of a raster. The electrons that result from the
bombardment of the specimen surface are then detected and the output from this detector
is fed synchronously to a scanned cathode ray tube (CRT) for visual display.
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4.2.1 Cathodoluminescence
Many secondary electrons produced by the incident beam do not escape from the target
material but diffuse through the specimen and are captured. The capture process (electron-
hole recombination) is accompanied by the emission of a photon at optical or near optical
frequencies. The signal is detected by a photomultiplier. An ellipsoidal reflector ensures
that light or CL signal, emitted at each point of bombardment by the electron beam is
dispersed at all angles and is reflected into a light guide to give a CL signal from each point
on the specimen.
4.3 Transmission Electron Microscopy
The combination of advanced analysis techniques and cutting-edge instrumentation in trans-
mission electron microscopy (TEM) allows for powerful capabilities to study technologically
exciting materials. In conventional TEM, information is obtained from electrons that tra-
verse the specimen and are either undeviated or scattered forwards into the aperture of an
image-forming lens. The energy of the incident electron beam usually lies between 40 to 200
keV or up to 2000 keV in high voltage machines. The diagram illustrated in Fig. 4.3 shows
the layout of various components in a TEM. The emitted electrons from the source (e.g.
Figure 4.3 Schematic diagram of a conventional TEM [107].
tungsten filament) are accelerated through a potential between the cathode and anode. The
electron beam is then focused onto a small area by a condenser lens system. The objective
aperture is used to obtain contrast in the image and the condenser aperture size controls
the current density at the specimen. Further magnification is obtained with the projector
lenses. The specimen prepared earlier is supported on a fine mesh steel grid and placed in
a stage that permits tilting, heating and the escape of characteristic X-rays generated by
the electron beam-specimen interaction. If the incident beam is parallel then the diffracted
beams leaving the specimen are brought to a focus in the back focal plane of the objective
lens and this is where the diffraction pattern is first formed.
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Typical high-resolution transmission electron microscopy (HRTEM) has high spatial
resolution for structural and chemical characterisation of novel nanostructured materials.
It is normally equipped with energy-dispersive X-ray detector, annular dark-field detector,
integrated imaging filter for spectroscopy and energy-filtered imaging (giving the option
for automatic magnification compensation of the imaging filter). Modern microscope is
generally equipped with multi-scan charged couple device (CCD) cameras mounted before
and after the imaging filter and other TV-rate CCD cameras mounted as well, above and
below the imaging filter for in-situ recording and observation. Different sample holders are
available for the microscope, including heating and cooling holders, offering a rather wide
range of experimental capabilities exploiting the unique combination of instrumentation.
4.4 Photoluminescence Spectroscopy
Photoluminescence (PL) spectroscopy is a contact-less, nondestructive experimental method
for optical characterization of semiconductors. Photo-excitation causes electrons within the
material to move into allowed excited states. When these electrons return to equilibrium,
their excess energy is released and may cause the emission of light (radiative process) or not
(non-radiative process). The energy of the emitted light is related to the difference in energy
levels between the excited state and the equilibrium state. The intensity of the emitted light
is related to the relative contribution of the radiative process. The most common radiative
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Figure 4.4 Schematic diagram of a PL system.
transition in semiconductors occurs between states in the conduction and valence bands
and the energy difference is equal to the band gap. In addition, radiative transitions in
semiconductors involve also localized defect levels and the PL energy associated with these
levels can be used to identify specific defects and determine their concentration. Analysis
of PL is useful to understand the recombination mechanism. So the quality of a material
can be measured by quantifying the amount of radiative recombination.
A typical PL system is shown in Fig. 4.4. It consists of a light source for excitation (laser),
filters and collecting optics, a sample holder, a dispersive element such as a monochromator
and an optical detector. Samples are usually mounted in an optical cryostat, which can be
cooled down to low temperatures. A lamp with a monochromator or a laser with tunable
wavelength is used for the PL excitation. In this work, a He-Cd laser with excitation
wavelength of 325 nm is used for the GaN study. The laser beam passes through filters
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which select the main laser emission line and cut off the undesirable lines, and is then
focused on to the sample. The luminescence from the sample is collected by condenser
optics and converted to a collimated beam to pass through the spectrometer. The beam
is then detected by a photomultiplier tube (PMT) or a CCD camera and converted to an
electrical signal. The signal is then transferred to a computer for display and further data
processing.
4.5 Raman Spectroscopy
Raman spectroscopy is a very powerful technique to study elementary excitations (plasmons,
phonons) in a system. In Raman scattering, monochromatic light usually from a laser source
interacts with phonons or other excitations in the system, which change the energy of the
inelastically scattered light being shifted up or down. The shift in energy provides infor-
mation (lattice dynamics and electronic properties) about the excitation modes (phonon,
plasmons etc.) in the system. The lattice dynamics gives structural information of mate-
Figure 4.5 Schematic diagram of a Raman system [108].
rials and compounds to identify the reacted phases at interfaces, stress, crystalline quality
etc. Electronic properties of interfaces and layers can also be derived from longitudinal
optical (LO) phonons and coupled plasmon-LO-phonon modes.
In a typical Raman system (cf. Fig. 4.5), a sample is illuminated with a monochromatic
light source such as an Ar+ or a Kr+ ion laser. Light scattered from that spot is passed
through a lens system and sent through a monochromator. Wavelengths close to the laser
line (due to elastic Rayleigh scattering) are filtered out and those in a certain spectral window
away from the laser line are dispersed onto a detector. Raman spectrometers typically use
holographic diffraction gratings and multiple dispersion stages by which a high degree of
laser rejection can be realized. PMTs or CCD detectors are used for spectral acquisition.
4.6 Atomic Force Microscopy
Atomic Force Microscopy (AFM) is a robust technique for the examination of surface mor-
phology on the nanometer to micrometer scale. It allows to measure, for instance, electrical,
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magnetic and piezoelectric properties of materials. Its operation in non-contact mode does
Figure 4.6 Schematic diagram of an AFM system [109].
not require a current flow between the sample surface and the tip. So it can be used on
both conductive and non-conducting samples without causing any damage or interference.
A diagram of the AFM is shown in Fig. 4.6. A sharp tip of few microns long is attached
at the end of a cantilever. A deflection of the cantilever takes place due to the interaction
between the tip and the sample surface atoms and is measured by a deflection sensor.
A laser beam is reflected off the backside of the cantilever and hits a position-sensitive
photodetector. Any tip motion causes a detectable change in the laser’s path. A feedback
electronic control circuit adjusts and records the motion of the tip. The surface topography
can then be mapped while the tip is scanned over the sample.
There are two primary modes of operation for AFM: contact mode and tapping mode.
In contact mode, the AFM tip is in physical contact with the sample and is subjected to
repulsive forces. The tip-sample interaction causes the cantilever to bend as its encounters
changes in surface topography. This method is preferred for atomically flat surfaces that are
not easily damaged. On the other hand, tapping mode allows high-resolution topographic
imaging of sample surfaces. The imaging is implemented by oscillating the cantilever assem-
bly at or near the cantilever’s resonant frequency by using a piezoelectric crystal to drive
the cantilever oscillator. The piezo motion causes the cantilever to oscillate with a high
amplitude when the tip is not in contact with the surface. The oscillating tip is then moved
towards the surface until it begins to lightly touch or tap the surface. As the oscillating
cantilever begins to intermittently contact the surface, the cantilever oscillation is necessar-
ily reduced due to energy loss caused by the tip contacting the surface. The reduction in
oscillation amplitude is used to identify and measure surface features.
4.7 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy (XPS) is a surface analytical technique to obtain chemical
and physical information about the surfaces of solid materials. The analysis is done by
irradiating the sample with monochromatic soft X-rays in an UHV system and the binding
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energy of the emitted electron is measured, which may be regarded as an ionization energy
of the atom for a particular shell involved. Generally, Mg-Kα or Al-Kα X-ray sources are
used. When the photons interact with the atoms on the surface by the photoelectron effect,
then electrons are emitted with kinetic energies
Ek = hν − EVB (k) (4.1)
where hν is the photon energy and EVB(k) is the binding energy of an electron in the k
th
level referred to the local vacuum level. For a solid, it modifies into
Ek = hν − EFB(k) − φspec (4.2)
where φspec is the work function of the spectrometer and the binding energy EFB(k) is now
referenced to the Fermi level, which removes any need to know the work function of the
specimen, φs.
Figure 4.7 Schematic representation of an XPS system. X-rays are produced at the Al or
Mg anode by bombardment of electrons created at the filament. The X-rays impinge on a
sample and produce photoelectrons that are detected after analysis in the electron energy
analyzer. The whole equipment is contained in a vacuum vessel, sometimes under UHV
conditions [107].
A simple schematic of an XPS system is shown in Fig. 4.7. The electrons leaving the
sample are detected according to their kinetic energy by an electron spectrometer, for exam-
ple, a concentric hemispherical analyzer. The energy analyzer acts as a window and accepts
only those electron having the energy within the range of this fixed window, referred to
as the pass energy. Electrons are detected as discrete events and the number of electrons
for given detection time and energy is stored digitally or recorded using analogue circuitry.
The spectrum is displayed as a plot of the number of electrons in a fix small energy in-
terval versus electron binding energy. The shape and positions of the peaks provide the
information about the chemical state for each element. XPS is a surface sensitive method
because the kinetic energies of the photoelectrons leaving the samples are quite low and
they can only escape from the top 1 – 5 nm of the surface. An important feature of XPS
is the ability to obtain information on chemical states from the variations in the binding
energies or chemical shifts of the photoelectron lines. From the photoelectron spectrum, it
is possible to measure directly the binding energies of all core-levels to a precision of 0.l eV.
Science can amuse and fascinate us all, but it is engineering
that changes the world.
–Isaac Asimov 5
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This chapter discusses about the growth mechanism of III–Nitride nanowires (NWs)
using Molecular Beam Epitaxy (MBE). A simple model is developed to describe the growth
kinetics. Experimental results show that vapor-liquid-solid (VLS) growth mechanism is not
responsible for the growth.
5.1 Introduction
III
-Nitride semiconductor NWs have been investigated in recent years as poten-
tial candidates to fabricate future nanoelectronic devices [2, 110]. GaN NWs
were grown for the first time in 1998 on Si(111) substrates by PAMBE [111].
Since then an increase of reports dealing with III–Nitride NWs growth takes place showing
high crystalline quality and strong luminescence efficiency [54, 61, 112–114]. However, NW
growth requires special conditions in terms of III-V ratio and substrate temperature in or-
der to achieve nitrogen-rich conditions as will be discussed in Chapter 6 in more details.
While the NW growth by MBE has already been established, a lot of uncertainty remains
on the mechanisms driving the growth and in particular, the nucleation. A detailed study
is necessary to understand the growth mechanism.
There have been only few investigations to understand the growth mechanism of these
NWs [114–118]. To produce the wires presented in this thesis, no external catalyst has been
used. A catalyst can introduce unwanted contamination in devices, which can be detrimen-
tal to device performance in Si-based integrated circuits. So a catalyst-free approach would
be useful from technological point of view in order to avoid such contamination. However, it
is necessary to control the position and diameter of the wires fabricated by a self-assembled
growth process. In catalyst-assisted growth, the position and diameter of wires are de-
termined by its size [119]. Therefore, an investigation of nucleation behavior and growth
mechanism driving the catalyst-free growth of NWs can possibly help to achieve the control
over position or size of NWs.
5.2 Growth Modeling
To develop a model for the growth of NWs, it is very important to take into account the
different kinetic adatom processes like adsorption, desorption and surface diffusion as shown
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schematically in Fig. 5.1. Especially, adatom diffusion is a key parameter, which can have
Figure 5.1 Schematic of the MBE growth process of NWs in which the relevant processes
such as impingement, adsorption, desorption and diffusion are included. The symbols in the
figure Lw, L, Ltotal and D represent the thickness of the wetting layer, length, total length
and diameter of the wire, respectively.
a significant influence on growth rate, material quality and surface morphology. On the
contrary, NW growth without external catalyst is not understood in such detail.
The idea of adatoms diffusing on the sidewalls of the wire up to the tip and yielding a
reciprocal relationship between wire length and diameter has been well established. It has
been found that the aspect ratio of NWs (length divided by diameter) is more than unity
for longer deposition time, i.e. the longer whisker has smaller diameter and vice versa. So
MBE enables to grow NWs whose lengths are more than the effective thickness of deposited
material. It means that the growth of these NWs is not limited by the deposition rate, i.e.
diffusion-induced (D-I) growth mechanism is dominating in the system. The above effect
can be related to the presence of diffusion transport of adatoms from the surface to the
tip of NWs, which increases the growth rate of whiskers as explained by Dubrovskii and
his co-workers [120]. If L is the length of a NW measured from the epitaxial layer on the
substrate and D is the diameter of the wire, then an equation described by
L = C1
(
1 +
C2
D
)
(5.1)
can be implemented to our experimental data as will be shown later on explaining the
physical meaning of the C1 and C2 constants.
For the Si NWs grown with the help of Au as catalyst [121], the constant growth rate
with time and the inverse dependence of its diameter lead to the following expression of the
total flux incorporated into the wire:
πR2
dL
dt
= ξR (5.2)
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where ξ is a time-independent constant and R is the radius of the wire. This equation is
satisfied for the case of a very fast diffusion of adatoms on the substrate and wire surface in
which the flux is limited by the incorporation rate at the boundary of the whisker and the
top of the wire, i.e. the liquid droplet.
In order to explain the term C1 in Eqn. (5.1), another additional term ∼ R2 can be
incorporated in Eqn. (5.2). This implies the direct impingement of the flux at the top of
wire, which is time independent and should be proportional to the cross sectional area of
the NW. So the Eqn. (5.2) is modified to
πR2
dL
dt
= ξTR2 + ξSR (5.3)
where ξT and ξS are two time-independent constants, which have different contributions
during the NW growth process. ξT term corresponds to the direct impingement of atoms or
flux at the top of NW, whereas ξS corresponds to the adatom diffusion from the substrate
or wire surface to the top of the wire.
Neglecting the constant term and inserting the nucleation time, t0 in Eqn. (5.3), a time
dependent formula can be written as follows:
L(t) =
(
ξT +
ξS
R
)
(t− t0) (5.4)
The first term on the right hand side in Eqn. (5.4) describes the contribution due to the
direct impingement while the second term corresponds to the lateral diffusion. This equation
is valid if the lateral growth on the wire sidewalls is suppressed, i.e. the radius of the wire
remains constant because of the diffusing adatoms reaching the NW tip. However, assuming
that the radius changes linearly with time by the following equation,
R(t) = R0 + ξR(t− t0) (5.5)
then the new solution to Eqn. (5.3) becomes:
L(t) = ξT (t− t0) +
(
ξS
ξR
)
ln
[
R(t)
R0
]
(5.6)
in which R0 is the diameter at t = t0 and ξR is a time-independent constant. It can
be further seen that Eqn. (5.6) reduces to Eqn. (5.4) for a constant lateral growth if the
following condition is satisfied:
ξR(t− t0)
R0
<< 1 (5.7)
The model developed in this chapter will be used to describe the following experimental
results in Sec. 5.3 and Sec. 5.4.
5.3 Nucleation Studies
From technological point of view, growth optimization of III–Nitride NWs by PAMBE
requires a thorough quantitative understanding of growth mechanism in order to control
the fabrication process at the atomic scale. To be mentioned, catalyst-free growth approach
would be the best choice as compared to its counter part (catalyst-assisted) because of
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the absence of unwanted contamination from the catalytic particle. Keeping in mind the
different growth conditions, special effort should be put to investigate the dependence of
NW growth rate on its diameter. It is also necessary to understand the nucleation for a
complete understanding of the growth process.
Experiment
A set of GaN NW samples has been grown on Si(111) at a Ga flux of ΦGa = 3.0 × 10−8
mbar, a substrate temperature of Tsub = 785 C, a forward power of PRF = 500 W of the rf
plasma cell and a nitrogen flux of ΦN = 4.0 sccm at different deposition time. The samples
are investigated by the SEM to measure the length and diameter of the wires.
Results
SEM images in Fig. 5.2 show side and top view of various samples grown for 15, 30, 45,
60 and 90 min. It can be seen in Fig. 5.2(a) that NWs grow on the flat terraces of Si(111)
surface without any preferential nucleation sites. Sometimes a small pedestal is visible at
wire base. Most of the NWs are vertically aligned with GaN[0001]‖Si[111] direction although
some are also tilted. For the sample with the deposition time of 15 min, the wire density is
comparatively low and of the order of 7 × 108 cm−2. The density increases to 1.4 × 1010
cm−2 when the growth time is doubled (30 min). In Fig. 5.3, the density is plotted against
the deposition time. After 60 min of growth, the density almost saturates to 1.6 × 1010
cm−2 and it seems that the nucleation stage1 of new wires is finished. For longer deposition
time (beyond 60 min), the NW density decreases to about 9.2 × 109 cm−2 (90 min) and 3 ×
109 cm−2 (120 min). This is due to the coalescence effect because the lateral growth of NWs
also takes place with time. The coalescence effect can be seen in the top view of Fig. 5.2(e).
However, some widely spaced wires continue to grow separately. Further, the average length
and diameter of the wires have also been measured in order to determine the axial and radial
growth rate. During the measurement, only well developed wires that have maximum length
have been taken into account. In fact, the diameter grows slowly after nucleation, compared
to the length resulting in an increase of the aspect ratio. The average length and diameter
plotted as a function of deposition time are shown in Fig. 5.4. The volume calculated using
a cylindrical approximation for the NW shape from the average length and diameter values
is also shown. The observed growth behavior shows linear characteristics with respect to
time similar to MBE-grown Si NWs [121].
Discussion
It has been found that at the initial nucleation stage, a low density of nuclei is formed.
The density is further increased due to the formation of new wires. The difference in
density distribution is related to the different nucleation time of each wire, which is below
60 min for most of the wires, i.e. the nucleation stage is completed in 60 min, which results
in maximum density of NWs. Finally, the density decreases beyond 60 min due to the
coalescence of closely spaced NWs as a result of lateral growth shown in Fig. 5.2(e). It must
be mentioned here that it is very difficult to determine the nucleation time of every single
wire by this post-growth analysis. Real time in-situ measurements would be the best option
to deal with such problem.
In order to measure the growth rate, the longest wires have been taken into account due
1The growth period until the nucleation of new wires is stopped. It can also be called as incubation time.
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(a)
(b)
(d)
(c)
(e)
Figure 5.2 SEM images of side-view (left) and top-view (right) of GaN NWs grown at
different deposition times: (a) 15 min, (b) 30 min, (c) 45 min (d) 60 min and (e) 90 min. A
change in length, diameter and density with growth time can be clearly observed.
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Figure 5.3 Average density of NW as a function of growth time evaluated from the SEM
images in Fig. 5.2. The density saturation takes place at 60 min and then it decreases due
to coalescence.
Figure 5.4 (a) Length, (b) diameter and (c) volume distribution of GaN NW as a function
of deposition time. The calculation is based on an average of 40 wires from each sample.
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to the fact that they have the lowest nucleation time. In addition, the diameter distribution
of the longest wires is not too wide within the nucleation time. However, this scenario is
changed for longer deposition time beyond the nucleation time and a strong length-diameter
dependence behavior is observed (cf. Sec. 5.4). Linear fit of Fig. 5.4(b) for the evaluation
of the most probable nucleation diameter in the early stage of nucleation gives a value of
∼ 15 nm. This value can be assumed as an estimation of the nucleation diameter as the
accuracy for its determination is related to the SEM resolution.
The growth rates of length and diameter evaluated from the slop of the linear fits in
Fig. 5.4(a,b) are ∼ 3.2 nm/min and ∼ 0.4 nm/min, respectively. The time evolution of
the average volume of the NWs is a direct consequence of the time-dependence behavior of
length and diameter, which can be used to compute the dotted curve in Fig. 5.4(c), assuming
a cylindrical shape of the wire. The curve fits well with the experimental data. As the
nucleation time of each wire is specific, so a statistical distribution of length for the same
diameter is observed. This effect will diminish beyond the nucleation time and an intrinsic
correlation between length and diameter will start dominating for longer deposition time as
described by Eqn. (5.4). It should be mentioned here that the substrate temperature plays
an important role in the nucleation process because at higher growth temperature (results
not shown here), a longer nucleation stage is observed. So the present study is performed
for all the samples grown at the same substrate temperature of 785 C.
Conclusion
The nucleation process of GaN NWs has been investigated in terms of nucleation density
and wire evolution with time for a given set of growth parameters. It has been shown that
the density of NWs increases with time and then saturates. This means that each NW has
different nucleation time. Coalescence phenomenon reduces the NW density for long depo-
sition time. The average size of the well-nucleated wires shows linear time-dependence in
the nucleation stage. Finally, the extrapolated data derived from time-dependent diameter
measurement suggest that there is a probable nucleation diameter or cluster with a critical
diameter of about 15 nm to initiate the anisotropic growth of the wire.
5.4 Diffusion-induced Growth
From our understanding of the NW growth without an external catalyst particle, the top
surface of nucleated wires acts like an efficient collector of adatoms. In this section, we
explain the growth by making use of the D-I mechanism. The adatoms diffuse to the wire
apex from its lateral sides driven by a lower chemical potential at the top surface. This D-I
mechanism is used to explain the observed dependence of the length with wire diameter for
deposition time longer than the nucleation time.
Experiment
In this experiment, a GaN NW sample (NC16) has been grown for 6 hrs on Si(111) with
ΦGa = 2.1 × 10−8 mbar, Tsub = 796 C, PRF = 500 W and ΦN = 4.0 sccm. The length and
diameter of the NWs have been measured by the SEM.
Results
As already discussed in Sec. 5.2 and shown in Fig. 5.1, together with a direct impingement
of atoms at the tip of the NW, an important contribution to the total NW growth arises
from the diffusion of adatoms towards the tip on side faces. It may be mentioned here
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that the thickness of the wetting layer (Lw) is below the resolution of the technique used
for the investigations shown here. Therefore, we will neglect the wetting layer thickness
in comparison with the NW length, i.e. Ltotal ∼ L. After nucleation, the diameter grows
slowly compared to the length resulting in an increase of the aspect ratio (cf. Sec. 5.3). We
have investigated the correlation between length and diameter of NWs for a long deposition
time of 360 min. This correlation is shown in Fig. 5.5 together with a SEM side view of the
sample. The NW length decreases with diameter, similar to catalyst-assisted MBE growth
Figure 5.5 Length and diameter dependence of GaN NWs grown for 360 min. The data
are fitted according to the Eqn. (5.1). The inset shows the corresponding SEM image.
of GaAs [120,122] and Si [121] NWs. For thinner wires, an aspect ratio (length/diameter) of
about 250 is achieved. Some of the longer wires grow tilted relative to the Si substrate (see
the inset of Fig. 5.5). For the same diameter, the tilted wires are longer than the normal
ones and not included in the data of Fig. 5.5.
Discussion
There is general agreement in literature [121, 122] that the observed length-diameter de-
pendence can be explained by a kinetic process including the diffusion of adatoms on the
substrate surface and side faces of the wires, as schematically shown in Fig. 5.1. Growth
proceeds in the D-I regime if the diffusion flux of the adatoms from the sidewalls to the top
is comparable to the deposition rate. Kinetic models, which explain the NW growth in this
diffusion regime, have been published with earlier [123] and recent investigations [120]. Most
of the models show a linear dependence of the wire length vs. reciprocal of the diameter
for longer deposition time according to the Eqn. (5.1). A fit of this formula to the experi-
mental data in Fig. 5.5 gives the values of 470 nm and 80 nm for C1 and C2, respectively.
With simplified conditions imposed in the theoretical model proposed by Johansson and his
coworkers [124], the coefficient C2 is two times the diffusion length (C2 = 2Lf ) along the
side of the NW and the growth of the thinner wires is limited by the diffusion process on
sidewalls. The diffusion length on the wire surface is given by Lf =
√
Dcoeff .τ where Dcoeff
is the surface diffusion coefficient and τ is the stay time of an adatom at the surface before it
is desorbed or incorporated. When L > Lf , atoms condensing at the base of the wire are no
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longer able to reach the top before desorption takes place (re-evaporation of adatoms) and
the rate of arrival of adatoms at the wire-tip (impinging flux on top plus diffused adatoms
from a ∼ Lf distance on sidewall) becomes constant with the growth time.
A diffusion length much shorter than the column length leads to a strong tapering
effect. In our case, wires with a length of 2 – 3 μm showed no pronounced tapering.
Following this argument, we should conclude that with a diffusion length of about 40 nm,
the mechanism limiting the growth should not be related to a short diffusion length, which
is underestimated due to simplified assumptions in the Johansson’s model [124]. Besides
a possible limitation due to the diffusion process itself, other mechanisms might involve.
One of these is related to the barriers that adatoms have to overcome when jumping from
one surface to another. Further investigations are necessary to distinguish between different
mechanisms. Nevertheless, we can generally conclude that MBE growth of GaN NWs on
Si(111) substrates under the growth conditions given above, is dominated by D-I growth
below D = 80 nm (C2). For larger diameters, direct impingement is the main contributing
mechanism to the growth.
Conclusion
Experimental results on GaN NW growth for a deposition time, which exceeds the nucleation
time have been explained in the frame of D-I growth model in Sec. 5.2. For thinner wires
with diameters ranging from 10 to 80 nm, growth is enhanced by adatom diffusion on
sidewalls, while for thicker wires, this additional adatom flux is less important and only the
adsorption at the tip of the wire plays an important role. This gives rise to short thick
NWs as well as thin long ones with a very high aspect ratio. An aspect ratio of about 250
has been achieved for longer deposition time. An approximately linear dependence of NW
length as a function of reciprocal of the diameter has been observed in agreement with D-I
mechanism.
5.5 Growth Mechanism: Further Insights
The growth of III–Nitride NWs by MBE takes place under nitrogen-rich conditions where
any foreign catalysts or surfactants are not used. Should the VLS mechanism be responsible
for the growth, then metal droplets would act as a preferential site and NWs would have
been grown in these localized areas with the same diameter as the droplets. It has been
shown very recently that Ga droplets of a particular size inhibit the growth of GaN NWs
in contradiction to VLS growth [125]. However, further experiments can be performed to
verify whether VLS mechanism is responsible for the growth or not.
There are two possibilities in order to investigate the presence of Ga droplets as men-
tioned above. The first one is a manipulation of the possible droplets via growth interrup-
tion, the second one is the investigation of the sharpness of heterostructure interfaces. The
first option is then to introduce an interruption during the growth keeping the substrate
temperature unchanged. If a droplet as a catalytic particle would have been present on the
top of NW, then the growth interruption would lead to a change in droplet diameter. As a
result, the diameter of NW is expected to change due to the change in the droplet size. The
wires continue to grow and steps in the NW diameter can be observed as shown in in-situ
TEM studies of Si NWs by CVD [126]. To test the assumption that the growth is proceeded
without the help of Ga droplets, one can fabricate heterostructures. The sharpness of the
interface will reveal if the catalytic particle is present or not. In this case, sharpness will be
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smeared out due to memory effects.
In this section, all the issues mentioned above are going to be addressed to prove that
the MBE growth of GaN NWs is not driven by the VLS mechanism.
Experiment
GaN and InN NWs have been grown directly on Si(111). More details about the growth can
be found in Chapter 6 and Chapter 7. All the growth parameters are listed in Table 5.1.
Three samples have been grown: GaN and InN NWs with a growth interruption of 15 min
as well as GaN/InN heterostructure NWs. A GaN NW sample with AlN barriers has been
as well fabricated with the following parameters: Ga flux of ΦGa = 3 × 10−8 mbar and Al
flux of ΦAl = 5.3 × 10−9 mbar and the different deposition times are shown in Fig. 5.7(a).
For all the samples, PRF = 500 W and ΦN = 4.0 sccm have been used. Finally, the samples
are investigated by the SEM and the HRTEM.
Table 5.1 Growth parameters of the samples grown on Si(111) with growth interruption.
ΦGa,1 and ΦIn,1 are Ga and In fluxes in the first growth stage and t1 is the deposition
time. GaN and InN wires are grown at substrate temperature of Tsub = 785 C and 475 C,
respectively. ΦGa,2 and ΦIn,2 correspond to Ga and In fluxes in the second growth stage and
t2 is the corresponding deposition time. While growing InN on GaN, substrate temperature
is ramped down within 5 min from 785 C to 475 C. t2 is the annealing time while t3 is the
deposition time of the second stage.
Sample ΦGa,1 ΦIn,1 t1 Annealing ΦGa,2 ΦIn,2 t3
(10−8 mbar) (10−8 mbar) (min) Tsub ( C) t2 (min) (10−8 mbar) (10−8 mbar) (min)
NC108 (GaN) 3.0 - 60 785 15 3.0 - 60
NC110 (InN) - 7.0 60 475 15 - 7.0 60
NC117 (InN on GaN) 3.0 - 180 785 ↓ 475 5 - 7.0 120
Results
SEM images of GaN and InN NW samples with a growth interruption of 15 min are shown in
Fig. 5.6(a,b), respectively. In Fig. 5.6(c), a GaN/InN heterostructure sample is presented.
None of the samples show any droplet at the top. No step like change in diameter is
(a) (b) (c)
Figure 5.6 Cross-sectional SEM micrographs of (a) GaN and (b) InN NWs with a growth
interruption of 15 min. (c) InN/GaN heterostructure NWs.
visible. The average growth rate of all the wires does not change before and after growth
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interruption. It must be mentioned here that while growing InN on GaN, the temperature
is ramped down within 5 min, which can be assumed as growth interruption.
HRTEM image of GaN NW with several AlN barriers of different thickness is shown
in Fig. 5.7(b). Sharp AlN barriers can be distinguished very easily from GaN (see the
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Figure 5.7 (a) A schematic of a GaN NW with several AlN barriers of different thickness.
(b) HRTEM image of the same. The layers can be identified from their alternating different
contrast. AlN has higher contrast than GaN.
inset), which allow to study the axial and lateral growth rate as well as interface behavior
of materials with different contrast. For AlN barriers, they have been found to be ∼ 0.8
nm/min and ∼ 0.2 nm/min, respectively whereas for GaN, they are ∼ 3.8 nm/min and
∼ 0.15 nm/min, respectively. These different growth rates are related to the different Ga
and Al fluxes used in the experiment (Ga flux is six times higher than Al). However, AlN
shows the tendency to have more radial growth than the axial growth as compared to GaN.
Thats why it is difficult to grow AlN NWs. No Ga droplet is also visible at the top facet of
this wire.
Discussion
If a catalytic particle would have been present on the top of NWs, its size is expected to
change due to the growth interruption. Redistribution of adatoms from liquid or partial
evaporation of the catalytic particle can reduce the droplet size as the growth substrate is
still at high temperature. Diffusion from the catalytic particle is also possible leading to
change its diameter. Experimental evidence shows that a growth interruption of 15 min
does not influence the morphology of NWs (no steps are visible) and the growth rate of
interrupted NWs is the same as that of non-interrupted ones. The surface morphology of
these NWs can also be well compared with other wires presented in Chapter 6 and Chapter 7.
All these suggest that the wires must have grown after the interruption. It has been also
possible to grow InN on top of GaN, which can be distinguished very easily due to non-
uniform shape as shown in Fig. 5.6(c). GaN NWs grown initially with high density seem
to prohibit the formation of any new nucleated InN NWs on the substrate and collect In
adatoms efficiently to grow wires further on top.
The sharp AlN and GaN heterointerfaces in Fig. 5.7(b) also lead to the conclusion that
the growth is not driven by VLS mechanism. It is worth mentioning that small crystalline
36 Chapter 5. Growth Mechanism of Nanowires
GaN nanoclusters have been formed in the nucleation stage. These clusters act as possible
nucleation sites for GaN NWs as analyzed by the TEM [127]. Please refer to Sec. 6.5 for
more details.
Conclusion
Experimental evidence has been provided to show that VLS-like mechanism is not responsi-
ble for the growth of III–Nitride NWs by MBE. This has been verified by growth interruption
experiments and by fabricating heterostructures with sharp interfaces.
I believe there is no philosophical high-road in science, with
epistemological signposts. No, we are in a jungle and find
our way by trial and error, building our road behind us as
we proceed.
–Max Born 6
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In this chapter, the influence of III–V ratio and substrate temperature on the GaN wire
morphology grown on Si(111) have been discussed briefly at the beginning. In addition, the
effects of nanodot (ND) templates and pre-nucleation step have also been studied. Tem-
perature dependent growth on Si(100) has been briefly described. All the NW samples are
characterized by various analytical techniques.
6.1 Growth Morphology
G
rowth parameters significantly change the surface morphology of GaN NWs grown
on Si(111). ND templates as well as a low temperature pre-growth step change
the growth kinetics, which in turn changes the size distribution of NWs. All these
subjects will be discussed in the following.
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6.1.1 Influence of Ga Flux and Substrate Temperature
It has been earlier mentioned that GaN NWs are grown under nitrogen-rich conditions,
which can be achieved either by reducing the Ga flux or by increasing the substrate tem-
perature keeping in mind that an excess supply of nitrogen should always be offered. Ma-
nipulation of these parameters will determine the surface morphology of the wires and leads
to the optimization of the growth. Other parameters such as nitrogen flux and the growth
time have already been systematically analyzed elsewhere [128].
Experiment
GaN NWs have been grown directly on Si(111) by rf PAMBE. After cleaning the substrates
with acetone and propanol, they are annealed in UHV at 925 C for 15 min, in order to
obtain an oxygen-free surface. The substrate temperature (Tsub) is varied between 700 C to
820 C whereas Ga flux (ΦGa) ranged between 3.0 × 10−8 to 2.0 × 10−7 mbar. A nitrogen
flux of ΦN = 4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell have been
used in all the cases. The growth parameters of all the samples presented in this section are
summarized in Table 6.1. The growth morphology has been investigated by a LEO 1550
SEM.
Table 6.1 Growth parameters of various samples to study the surface morphology of GaN
NWs.
Sample Sub. Temp., Tsub Ga Flux, ΦGa Time, t
( C) (× 10−8 mbar) (min)
Temperature Dependence
NC081 700 3.0 120
NC132 785 3.0 120
NC130 805 3.0 120
NC060 815 3.0 120
Flux Dependence
NC197 820 15.0 240
NC124 820 20.0 240
Results
Growth parameters such as Tsub and ΦGa greatly influence the surface morphology of these
NWs. To investigate this, a series of samples at different Tsub between 700 C to 820 C but
at fixed ΦGa = 3.0 × 10−8 mbar are grown on Si(111). SEM micrographs of the samples
grown for 2 hrs are shown in Fig. 6.1. A rough surface morphology is observed at 700 C and
some wires start to grow randomly on this rough layer. A further increase of temperature
to 785 C gives rise to an homogeneous distribution of NWs on the surface with high density.
Finally, the density is reduced at 805 C and only few wires have length up to 700 nm.
Almost no wires are visible at Tsub = 815 C, small islands and steps from the Si substrate
are present.
As Ga desorption becomes more significant at higher temperature, NW density decreases
or almost no growth takes place and this can be compensated by increasing the ΦGa. SEM
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Figure 6.1 Cross-sectional SEM images of GaN NWs grown at different substrate temper-
ature shown in the inset. Ga flux is 3 × 10−8 mbar and N2 flux is 4.0 sccm with 500 W
power.
(a) (b)
Figure 6.2 SEM images of GaN NWs grown for 4 hrs at Tsub = 820 C and different Ga
flux of (a) 15 × 10−8 mbar and (b) 20 × 10−8 mbar.
images of NWs grown at Tsub = 820 C and higher ΦGa for 4 hrs are shown in Fig. 6.2.
Despite the high substrate temperature, many wires have grown. For ΦGa = 15 × 10−8
mbar, the wires are thin and well separated. There are lot of wires which are tilted. For
ΦGa = 20 × 10−8 mbar, the density as well as the growth rate have increased as compared
to the previous one due to higher flux. Most of the wires are vertically aligned with the
substrate.
Discussion
Ga desorption increases with the increase of substrate temperature. As a result, III–V ratio
tends to move towards nitrogen-rich condition even if all other parameters are kept constant.
The surface diffusivity of metallic component decreases, which promotes the formation of
islands rather than a compact layer and the growth of NW is initiated. At some particular
high temperature, the amount of desorption becomes so high that no islands can be formed
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on the substrate. The temperature at which no growth takes place depends on the amount
of ΦGa used. When the offer of Ga overcomes its desorption, then the growth takes place,
otherwise growth is hindered. It turns out to be a fine equilibrium between adsorption and
desorption. Thats why the optimum growth takes place at Tsub = 785 C (sample NC132)
but at Tsub = 815 C, almost no growth takes place due to very high desorption of metallic
Ga (sample NC060). While comparing the growth rate (length divided by the total growth
time), the rate increases at higher Tsub. This is due to higher contribution of the diffusion
channel during the growth as explained in Sec. 5.4.
The stay time of adatoms on the surface is reduced due to higher Ga desorption at higher
Tsub and the growth, i.e. the nucleation of NW hardly takes place. If the stay time of the
adatoms on the surface is reduced then the nucleation mechanism becomes slow or does not
take place. However, this can be compensated by increasing the ΦGa. On the other hand,
the density of NWs increases comparatively when the ΦGa is increased from 15 × 10−8 mbar
(sample NC197) to 20 × 10−8 mbar (sample NC124) as shown in Fig. 6.2. A typical growth
rate of ∼ 360 nm/hr is achieved at ΦGa = 20 × 10−8 mbar. A more systematic studies would
be necessary to illustrate the phase diagram of GaN NWs more quantatively for complete
understanding of the growth. A qualitative phase diagram can be found elsewhere [128].
Conclusion
It has been shown that GaN NW growth takes at nitrogen-rich conditions, i.e. III–V ratio
is less than one. While increasing the substrate temperature, Ga desorption also increases
and a lower effective III–V ratio is obtained. The growth rate is enhanced due to surface
diffusion, which can be explained by the diffusion model explained in the previous chapter.
No growth takes place at extreme high temperature although this can be compensated by
increasing the Ga flux.
6.1.2 Template-assisted Growth
In the previous section, it has been shown that GaN NWs can be directly grown on Si(111).
Interestingly, a modified substrate surface, for example, a dot template fabricated by droplet-
epitaxy and nitridation technique (cf. Chapter 9) can change the surface morphology and
growth kinetics of the wires as well as their optical properties (cf. Sec. 6.2.2 and Sec. 6.3.2).
In this section, the surface morphology of such wires grown on the dot templates will be
discussed.
Experiment
GaN NWs have been grown on Si(111) in a rf PAMBE system under nitrogen-rich conditions.
After proper thermal cleaning, Ga metal is deposited at substrate temperature of Ts1 =
640 C for t1 = 30s with Ga flux of ΦGa,1 = 8.7 × 10−8 mbar and the substrate is subsequently
nitridated for tN = 30 min to form GaN ND template as well as a wetting layer (cf. Fig. 6.3
for the schematic). A set of NW samples has been grown on this template at different
substrate temperature (Ts2 and Ts3) but at constant Ga flux (ΦGa,2). For comparison,
another set of samples has also been grown on Si(111) without the template. In order to
study the length and diameter dependence growth with time, further samples have been
grown using the same growth parameters as NC278 for the pre-growth stage at different
duration. The sample parameters are summarized in Table 6.2. A nitrogen flux of ΦN = 4.0
sccm and a forward power of PRF = 500 W of the rf plasma cell have been used. Finally,
the samples are investigated by the SEM.
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Figure 6.3 Schematic of Ga droplets as well as GaN NDs formation on Si(111).
Table 6.2 Growth conditions for template-assisted grown GaN NWs. First, three samples
(NC278, NC266 and NC259) are grown on the dot template whereas the other two samples
(NC216 and NC283) are grown without dots. Three samples (NC279, NC281, NC249) have
been grown at different duration on a pre-growth NW stage using the same parameters as
NC278. Ts2 and t2 correspond to substrate temperature and growth time (30 min) of the
pre-growth stage, whereas Ts3 and t3 refer to substrate temperature and growth time in the
final growth stage. ΦGa,2 is the constant Ga flux in both the growth stages.
Sample Ts1 ΦGa,1 t1 tN ΦGa,2 Ts2 t2 Ts3 t3
( C) (10−8 mbar) (s) (min) (10−8 mbar) ( C) (min) ( C) (hrs.)
Dot Template Pre-growth Stage
NC278 640 8.7 30 30 4.5 757 30 - -
NC266 640 8.7 30 30 4.5 - - 786 2.5
NC259 640 8.7 30 30 4.5 757 30 786 2.0
NC216 - - - - 4.5 - - 786 2.0
NC283 - - - - 4.5 757 30 786 2.0
NC279 640 8.7 30 30 4.5 757 30 786 1.0
NC281 640 8.7 30 30 4.5 757 30 786 3.0
NC249 640 8.7 30 30 4.5 757 30 786 6.0
Results
An AFM image of GaN dots obtained at 640 C is shown in Fig. 6.4. The average diameter
of these dots is about 100 nm. During nitridation process, a spreading mechanism also leads
to the formation of nanocrystalline wetting layer on the substrate (cf. Chapter 9).
Cross-sectional SEM micrographs of GaN NWs grown on dot templates are shown in
Fig. 6.5. The sample NC278 is grown at relatively low substrate temperature for 30 min.
NC266 is directly grown on the template substrate, whereas NC259 is grown using the same
pre-growth stage as NC278, both at a nominal Ga flux of ΦGa,2 = 4.5 × 10−8 mbar and
Ts3 = 786 C. For comparison with the normal growth condition (i.e. without template),
two samples (NC216 and NC283) are grown on Si(111) substrate and their SEM images are
shown in Fig. 6.6. NC216 is grown directly on Si(111) for 2 hrs, whereas NC283 is grown
initially for 0.5 hrs at low temperature (757 C) followed by 2 hrs growth at high temperature
(786 C). Please refer to Table 6.2 for the details of the parameters used.
As can be seen from the SEM images, most of the NWs grow perpendicular to the
substrate. The sizes of the NWs vary greatly depending on the sample. Their average
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Figure 6.4 AFM image of Si(111) template substrate with GaN dots. Scan area is
5 × 5 μm2.
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Figure 6.5 Cross-sectional SEM micrographs of GaN NWs grown on Si(111) substrate. (a)
Sample NC278 is the pre-growth stage at low temperature (757 C) on dot templates and the
growth time is 30 min. (b) NC266 is grown directly on dot templates at 786 C. (c) NC259
is grown on dot template and pre-growth stage at 786 C. The relevant parameters can be
found in Table 6.2.
length (L) and diameter (D) have been measured from their SEM images, which have been
taken separately by tilting the sample stage at 90  and the data are plotted in Fig. 6.7. The
evolution of length and diameter with respect to growth time has also been measured for
the length as well as for the diameter from other set of samples (NC279, NC281 and NC249)
shown in Table 6.2 and Fig. 6.8. A linear relationship can be obtained.
Discussion
For the samples NC266, which is directly grown on the dot substrate and NC259, which
is grown on dots and pre-growth stage, an increase of axial growth rate (∼ 405 nm/hr
for NC266 and ∼ 452 nm/hr for NC259) is observed at an expense of radial growth (cf.
Fig. 6.7). Most of the wires have uniform length and thinner diameter. For NC283, which
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Figure 6.6 SEM images of the samples (a) NC216 grown directly on Si(111) and (b) NC283
with a 30 min pre-growth stage at low temperature followed by high temperature growth
also on Si(111). Please refer to Table 6.2 for all the parameter used.
Figure 6.7 Axial growth rate versus diameter of the samples as described in Table 6.2.
is grown on Si(111) using a pre-growth stage, the wires have also uniform length but larger
diameter. A little coalescence of the wires can also been seen. NC216, which is the reference
sample grown under normal condition shows a surface morphology significantly different as
compared to NC283. A lot of thinner longer wires tilted with respect to the substrate are
present, in contrast most of the shorter wires are grown vertically. It is quite interesting
to note that the axial growth rate for example of NC266 and NC259 has increased very
significantly which is ∼ 2 times higher than NC216.
The Ga deposition followed by nitridation has been found to have no role to control
the subsequent nucleation of GaN on Si as NWs grow randomly on the substrate and not
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Figure 6.8 Length and diameter distribution of NWs as a function of deposition time. The
calculation is based on an ensemble of about twenty wires.
only at the dot position, which can be seen from the SEM images. Ga pre-deposition and
subsequent nitridation seem to control the adatom movements on the surface as the GaN
wetting layer (cf. Sec. 9.1), which relaxes the mismatch strain with the substrate probably
gives a thermodynamically lower energy state as compared to a strained surface. The
nucleation of NWs on this rough surface is thus favored and the nucleation time is reduced.
The adatoms can reach the top of the wires along the sidewalls by diffusion to have thinner
and longer wires (sample NC266). For the 30 min pre-growth of GaN NWs, which has
been performed at a temperature of 757 C, a reduction of Ga desorption from the surface
is expected (sample NC278). As a result, NWs nuclei should form as soon as adatoms are
available on the substrate and additionally, a higher axial growth rate can be expected. As
can be seen from the SEM images, this pre-growth step increases the NW growth rate for
NC259 as compared to NC266. However, the diameters of NC266 and NC259 remain almost
the same.
When the NWs are grown directly on Si(111), a similar thin crystalline GaN wetting
layer as well as an amorphous layer are also formed in the early stage of the growth, which
might reduce the strain between GaN and Si and as a result, a longer nucleation time is
expected [127]. Such is the case for the sample NC216. A lot of thin as well as thick wires
together with some coalesced wires are present on the substrate. A lower growth rate is
also observed as compared to NC266 and NC259. Interestingly, NC283 has uniform length
all over the substrate and most of the wires are also grown vertically. Some coalesced wires
are also visible. A higher growth rate (∼ 308 nm/hr) is seen as compared to NC216 (∼ 220
nm/hr). So a low temperature pre-growth step directly on Si substrate reduces the Ga
desorption and may act as nucleation sites for NWs. However, the pre-growth step grown
directly on Si(111) has some effects (length uniformity and coalescence) on the NW surface
morphology comparing NC216 and NC283.
Finally, the vertical and lateral growth rates calculated from the linear fits in Fig. 6.8
are ∼ 7.3 nm/min and ∼ 0.27 nm/min, respectively. This shows a higher axial and lower
radial growth rate as compared to the wires grown under normal growth condition. Also,
the linear fit using Eqn. (5.5) gives a probable value of the nucleation diameter to be ∼ 16
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nm, which is consistent with the value discussed in Sec. 5.3. Further investigations would
be necessary to study the nucleation process of the NWs grown on the dot templates at an
early stage.
Conclusion
It can be concluded that dot templates influence the growth kinetics of the wires due to
the formation of a wetting layer on the substrate. Although the NWs do not necessarily
grow on the dots and have higher density than the latter, the axial growth rate is enhanced.
However, NC283 with 30 min pre-growth at low temperature without dot templates shows
lower growth rate as compared to NC259 and NC266 and higher growth rate as compared
to NC216. Comparing all the SEM images of various samples, it is found that an initial
low temperature growth step has influenced the NW surface morphology, but it is the dot
templates which greatly affect the NW growth by enhancing the surface diffusion. Wires
grown on dot templates are thinner and longer. Size distribution as a function of growth
time shows a linear relationship and this provides an estimated value of the most probable
nucleation diameter consistent with previous results.
6.1.3 Template-assisted Growth: Effects of Ga Flux
As explained in the previous section, dot templates significantly influence the surface mor-
phology of the NWs grown at a constant Ga flux. In this section, a systematic flux-dependent
behavior on NW surface morphology will be discussed.
Experiment
GaN NWs have been grown on template substrates consisting of GaN dots and a low tem-
perature pre-growth stage (cf. sample NC278 of Sec. 6.1.2) at different Ga fluxes (ΦGa)
for a fixed growth time and substrate temperature (Tsub). Growth parameters used in this
experiment are shown in Table 6.3. A nitrogen flux of 4.0 sccm and a forward power of 500
Table 6.3 NWs grown on dot template as well as a pre-growth stage (cf. the growth
condition of sample NC278 in Sec. 6.1.2) at different ΦGa for 6 hrs to study the surface
morphology.
Sample Sub. Temp., Tsub Ga Flux, ΦGa Time, t
( C) (× 10−8 mbar) (min)
NC249 786 4.5 360
NC256 786 3.3 360
NC267 786 2.4 360
W of the rf plasma cell have been utilized. Finally, the samples are investigated by the SEM
to determine the surface morphology.
Results
The cross-sectional and top view SEM images of GaN NWs with ΦGa of 4.5, 3.3 and
2.4 × 10−8 mbar are shown in Fig. 6.9. NWs have uniform length distribution and most
of them are vertically aligned perpendicular to the substrate. The growth rate almost sat-
urates with the increase of ΦGa but the density decreases at lower ΦGa (cf. Fig. 6.10). A
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Figure 6.9 Side and top view SEM images of GaN NWs grown at ΦGa of (a) 4.5 × 10−8
mbar (NC249), (b) 3.3 × 10−8 mbar (NC256) and (c) 2.4 × 10−8 mbar (NC267).
constant growth rate of ∼ 439 nm/hr has been observed for the sample NC249, which has
the highest ΦGa (cf. Fig. 6.9a). The wires broaden and coalesce at higher ΦGa due to a
more pronounced lateral growth [54] and such is the case here although that depends on the
Figure 6.10 NW density and axial growth rate at different ΦGa. The highest density is
achieved at lower ΦGa whereas the highest growth rate is obtained at higher ΦGa.
growth duration and Tsub as well. In our case, the growth temperature is nominal (786 C).
So, such ΦGa is too high to prevent coalescence between wires at longer growth duration
although tapering has been suppressed. For some NWs, the morphology shows an enlarge-
ment of their diameter from approximately the middle of the wires to the top. Facets on
top of the wires can still be identified.
Further reduction of ΦGa reduces such coalescence as shown in Figs. 6.9(b,c). The length
is also quite homogeneous and wires are well separated. The morphology of the wires is
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very homogeneous with respect to their diameter and no significant tapering or enlargement
is visible. The growth rate also decreases due to lower flux as compared to NC249. There
are some shorter wires visible at the bottom of sample NC267, which are actually the wires
from pre-growth stage and the final growth takes place only on some wires. These short
wires have not been taken into account while calculating the density.
Discussion
As explained in Sec. 6.1.1, Ga desorption increases by increasing the Tsub, thus effectively
reducing the III–V ratio and the balance goes to more nitrogen-rich condition. However,
Tsub remains constant throughout the growth. So the desorption remains constant. As a
result, the formation of new nuclei is facilitated at higher ΦGa and the growth rate increases.
On the other hand, higher ΦGa leads to coalescence of adjacent wires resulting in reduction
of densities. From the SEM images, it is clear that too high ΦGa deviates the growth from
nitrogen-rich condition and most of the wires are coalesced due to the radial growth (cf.
sample NC249). This coalescence phenomenon might be used to form a compact layer.
On the other hand, lower ΦGa reduces such effects (cf. samples NC256 and NC267). So,
coalescence is suppressed and uniform and well-isolated NWs are grown.
Conclusion
The coalescence effects of NWs grown on dot templates can be controlled by changing the
Ga flux. Very high Ga flux changes the wire morphology by being in slightly less nitrogen-
rich condition and coalescence phenomenon takes place. Samples NC256 and NC267 grown
at lower flux show no coalescence effects and well isolated wires with constant diameter.
6.1.4 Nanowires Grown on Si(100)
Until now, NWs have only been grown on Si(111) substrates as discussed in the previous
sections. However, it is also possible to grow such wires on Si(100) substrates. In this
section, the morphology of GaN NWs grown on Si(100) will be studied.
Experiment
GaN NWs have been grown by rf PAMBE on Si(100) and the native oxides have been
removed by thermal treatment at 925 C for 15 min in UHV. The samples discussed in this
study have been grown at different substrate temperature (Tsub) and Ga flux (ΦGa). A
nitrogen flux of ΦN = 4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell
Table 6.4 Growth parameters of various samples grown on Si(100).
Sample Ga Flux, ΦGa Sub. Temp., Tsub Time, t
(× 10−8 mbar) ( C) (min)
NC423 3.0 750 120
NC424 3.0 766 120
NC425 3.0 780 120
NC105 4.5 780 120
have been used. The growth parameters of all the samples are summarized in Table 6.4.
The growth morphology has been investigated by a LEO 1550 SEM.
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Results
The SEM images in Fig. 6.11 show side and top view of three different samples grown at
different Tsub but at constant ΦGa, whereas Fig. 6.12 shows the effect of ΦGa at Tsub =
780 C. It can be seen that the NWs grow on the flat terraces of the Si(100) surface (cf.
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Figure 6.11 Cross-sectional and top view of SEM micrographs of GaN NWs grown on
Si(100) at (a) 750 C (NC423), (b) 766 C (NC424) and (c) 780 C (NC425). Ga flux is kept
at ΦGa = 3.0 × 10−8 mbar.
(a) (b)
Figure 6.12 SEM images show the (a) side and (b) top view of GaN NWs (NC105) grown
at ΦGa = 4.5 ×10−8 mbar and Tsub = 780 C.
Fig. 6.11c). Most of them are vertically aligned.
The sample (NC423) grown at 750 C shows high density of wires with an average growth
rate of ∼ 220 nm/hr. There are lot of thin columns, which are tilted in respect to the vertical
ones. When the growth temperature is further increased to 766 C, the density is reduced
(sample NC424). Few wires are only visible at 780 C (sample NC425), which is the highest
temperature used in the experiment. If ΦGa is increased to 4.5 × 10−8 mbar, the density
of the wires increases even at 780 C as shown in Fig. 6.12. A similar morphology is also
observed for the wires grown on Si(111) as described in Sec. 6.1.1.
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Discussion
Ga desorption mechanism helps to understand the morphology of NWs grown at different
temperature. As explained earlier, the desorption of metallic Ga increases with the increase
of Tsub and nitrogen-rich condition is achieved. As a result, the morphology changes to
columnar wires and the growth takes place axially.
NWs grown at 750 C shows high density as the desorption is lower at that temperature.
At an intermediate temperature of 766 C, the wires are isolated. The density is drastically
decreased at highest growth temperature of 780 C as desorption of Ga is higher as compared
to previous ones. The desorption can further be compensated by increasing the ΦGa as shown
in Fig. 6.12 (sample NC105) and the density turns out to be higher than the sample NC425
grown at the same temperature but with lower ΦGa.
Conclusion
It has been shown that GaN NWs can be grown on Si(100) substrates. By varying the
growth temperature, NW morphology as well as the density can be changed. For too high
temperature, almost no growth takes place and this is related to higher Ga desorption,
which can be compensated by increasing the Ga flux.
6.1.5 Nanowires Grown on Oxides and Patterning
NWs not only grow on Si(111) and Si(100) substrates but also on SiO2 (cf. also Sec. 6.5).
Selective etching of SiO2/Si substrate will allow the presence of NWs only in the patterned
areas. All these will be discussed in this section.
Experiment
Optical lithography is employed to etch windows in a SiO2 layer on Si(100). GaN NWs are
then grown on such patterned substrate at 790 C for 2 hrs with ΦGa = 3 × 10−8 mbar, PRF
= 500 W and ΦN = 4.0 sccm. As-grown sample is etched in HF (10%) and a buffered HF
solution (AF-91) for 20 min to selectively remove SiO2 areas.
Results
SEM micrographs in Fig. 6.13(a) show a square pattern, which is a part of pattern that has
been transferred into SiO2 on Si(100) by optical lithography. GaN NWs have been grown
on that pattered substrate. The growth of NWs on Si(100) results in tilted wires in contrast
(a) (b) (c)
4 m 4 m 1 m
SiO2
Si(100)
on SiO2
on Si(100)
Figure 6.13 SEM images of (a) square patterned structure on Si(100), (b) NWs grown on
that pattern and (c) the magnified version of image b. NWs grown on Si(100) have bright
contrast whereas they are dark on SiO2 due to charging effects.
to those grown on oxides, which are vertically aligned as shown in Fig. 6.13(b,c). NWs on
different substrates can be recognized from their SEM images due to different contrast.
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By etching away the SiO2 in HF solution (AF-91), only the patterns of NWs grown on
the Si(100) substrate remain. SEM images in Fig. 6.14 show NWs grown on various patterns
(a) (b) (c)
4 m 4 m 4 m
Figure 6.14 SEM images showing NWs grown on Si(100) in pattern after etching with HF
solution: (a) square patterns of Fig. 6.13(b), (b) line structures and (c) dense squares.
on Si(100) after etching for 20 min.
Discussion
Fig. 6.13 shows that NWs growth can take place on non-crystalline substrates such as SiO2.
The growth on Si(100) shows some tilting of NWs, which is due to the rough surface.
Although the patterned oxide structures on Si are very big, NWs have been removed easily
by etching and only wires on Si(100) remain. The size of the patterned structures can be
further reduced by using better lithography techniques such as e-beam lithography. The
etching procedure can be optimized to reduce the number of wires in between the patterns.
NW arrays can be very interesting for applications, where many wires can be grouped
together as one element.
Conclusion
NWs have been successfully grown on non-crystalline substrate like SiO2. Growing wires on
patterned SiO2 and a subsequent etching step also allow to produce dense arrays of NWs
on a μm scale.
6.2 Cathodoluminescence Spectroscopy
CL as well as PL offer a contactless method with high-resolution for micro-characterization of
semiconductors, which makes them suitable for the investigations of NWs. CL spectra using
a SEM are obtained using several light collection arrangements to guide the light, emitted
due to electron beam excitation at different accelerating voltage. CL spectral mapping can
further be performed and a CL spectrum can also be collected at each point within a 2D
map. CL signal is normally collected at a particular wavelength (monochromatic) or all the
wavelengths (panchromatic) in order to find the origin of emission or defects from material
of interest.
The growth morphology of GaN NWs has already been described in Sec. 6.1 under
various growth conditions and their optical properties based on CL spectroscopy will be
discussed in this section. PL spectroscopy will also be discussed in Sec. 6.3.
6.2.1 Nanowires Grown on Si(111)
NW growth and surface morphology depend on various growth parameters as mentioned
earlier. The crystalline quality of such NWs can be determined after analysis of CL spectra.
In this section, a standard NW sample will be investigated by this technique and the spatial
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origin of the different contributions to the CL spectrum will be determined. This gives a
feedback to optimize the growth modifying various parameters and improves the crystalline
quality of the samples.
Experiment
GaN NWs have been grown on Si(111) and their growth conditions can be found in Sec. 5.4
(sample NC16). For CL measurements at 10 K, the sample is mounted with electrically
and thermally conductive silver paste on the liquid-He cold stage in a LEO 1550 SEM
equipped with a ASK-VIS Grating monochromator and a computer with a data collection
software. The sample temperature is estimated from measurements with a calibrated silicon
diode sensor embedded in the cooling stage. The sample temperature is not corrected for
the possible difference between the diode sensor and the sample surface. The accelerating
voltage of the SEM is kept at 20 kV with an aperture size of 120 μm and CL bandpass
is chosen to be 2.5 nm. The CL line width is limited by the spectral resolution, which is
approximately 24 meV.
Results
A typical CL spectrum for GaN sample is shown in Fig. 6.15. The measurements have been
carried out at a nominal temperature of 10 K. The sample is measured at an accelerating
voltage of 20 kV, which corresponds to a penetration depth of about 2 μm into GaN [1]. As
the length of the wires varies between 300 nm – 3 μm, so the collected signal is the average
from throughout the sample.
Figure 6.15 CL spectrum obtained at 20 kV with a CL bandpass of 2.5 nm. Various peak
contributions have also been shown in color lines.
There are two main features in the spectrum: one band centered at approximately 2.26
eV can be attributed to the yellow luminescence (YL) band and the other feature, which
dominates the CL spectrum lies between approximately 3.0 – 3.5 eV. This last feature
is a superposition of various peaks and a Lorentzian deconvolution has been performed
52 Chapter 6. GaN Nanowires: Growth and Characterization
to determine the peak position, intensity and width (see the solid color lines within the
spectrum in Fig. 6.15). The data are summarized in Table 6.5.
Table 6.5 The peak position, width and the normalized intensity relative to the donor-
bound excitons (DBE) as determined from the fitting procedure using Lorentzian function
are presented. The notations of different transitions are also shown in Fig. 6.15.
DBE Yi DAP LO1 LO2 YL
Peak Position (eV)
3.461 3.426 3.291 3.183 3.097 2.265
FWHM (meV)
19 46 131 58 127 401
Normalized Intensity
1.00 0.82 0.44 0.10 0.06 0.13
Six peaks have been identified from the spectrum. Furthermore, it is possible to measure
a CL spectrum in parallel with a SEM image which helps to locate the origin of emission.
Fig. 6.16 shows a typical panchromatic CL (left) and SE (right) images. It is clear from the
10 um
CL Image SE Image
Figure 6.16 Obliquely viewed panchromatic CL image (left) and SE image of GaN NWs.
A comparison of both the images shows that the bright luminescence spots correspond to
NW position.
image that there are some bright luminescent points and dark areas in this sample.
Discussion
The dominated intense CL band at higher energy corresponds to near band edge (NBE)
transitions (e.g. free and bound excitons). The deconvoluted spectra reveal that peak at
3.461 eV with full width at half maximum (FWHM) of 19 meV likely arises from free or
donor-bound exciton (DBE) transitions. This excitonic peak in GaN is very sensitive to
strain: for tensile strain, it is red-shifted and for compressive strain, it is blue-shifted [129].
As there is a lattice mismatch of –16.9% between GaN and Si(111), so a red-shift can be
6.2 Cathodoluminescence Spectroscopy 53
expected. However, it is expected that NW should relax very quickly during the growth and
only strain exists at the substrate interface. While comparing with strain-free GaN [1,130],
the excitonic peak corresponds to tensile strain. Also, the collected CL signal originates
from all part of the wires (including the important contribution from the wires base), so
NWs should have some strain. On the other hand, large broadening of high energy in CL is
quite common as compared to PL at low temperature. The different line shape in CL and
PL spectra may be due to different excitation volume of these two processes or Stark effect
induced by the electric fields of charges created in the CL excitation process and trapped
at or near the surfaces of the NWs [131].
The physical origin of the lower-energy peak 3.426 eV in the fit, denoted as the Yi peak,
is unknown. This peak may arise from one or more of the following mechanisms: exci-
tons bound to shallow acceptors, bulk defects or surface states, electron-phonon coupling,
inhomogeneous stress/strain, Stark effect due to internal electric fields [131].
Among the defect-related emissions in GaN, the donor-acceptor pair (DAP) emission is
the most often observed in materials grown by epitaxial techniques and it is often known
as ultra-violet luminescence (UVL) band, which can have its origin in a shallow DAP- or
an e-A-type transition [130]. In our case, DAP is located at 3.291 eV and the relative
intensity ratio of between DBE and DAP transitions is approximately 2:1. Although there
are several detailed investigations on this defect, the explanation about the nature of the
donors and acceptors involved is still controversial. It has been reported that the shallow
donor or shallow acceptor luminescence near 3.27 eV is very weak in nominally undoped
homoepitaxial GaN layers but is very intensive in lightly Si-doped samples. Based on that
fact, the chemical origin of the shallow acceptor is proposed to be SiN and residual carbon
C impurities are not ruled out at this time [132]. Our sample shows coalescence behavior
due to the longer growth time (near bulk like morphology) and it is possible to have Ga-rich
conditions inside the NW locally, which may create nitrogen vacancy. So lowering III–V
ratio (i.e. increasing the nitrogen content or decreasing the Ga flux) can thus reduce the
donor-acceptor concentration and hence leads to a lower DAP (cf. Sec. 6.2.3). Shallow
donors such as SiGa or ON might also be involved. However, as the NW growth takes
place under nitrogen-rich condition in UHV, the ON contribution can be ruled out but SiGa
might be present as our NWs are probably unintentionally doped by Si at their base. A
recent model based on gallium-vacancy (VGa) related complexes explains the origin of native
acceptor state in mass-transport-grown GaN and this acceptor-like level, which is influenced
by the local strain field of empty cluster of VGa is responsible for the origin of DAP [133].
However, it is difficult to identify exactly the origin of DAP in our NWs.
Finally, CL lines at 3.183 and 3.097 eV with spectral separation of 86 meV correspond
to LO phonon replicas denoted as LO1 and LO2 [134,135]. Deep level emissions related to
structural defects and impurities, such as yellow band or YL is also observed in this sample.
However, the intensity of the measured YL emission centered at 2.265 eV is very low as
compared to other peaks in the spectra. Since YL band is attributed to defects, the ratio
between excitonic emission and YL is often used as a figure of merit in order to justify the
quality of the sample [136]. As the DBE emission is quite strong as compared to YL band,
so it can be said that NWs grown under the present experimental growth condition are
of good quality. Change of the growth temperature influences the YL band and helps to
optimize the crystalline quality of the wires [54].
Fig. 6.16 shows the panchromatic CL image along with a SEM image in order to identify
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the luminescent centers of the wires. While comparing the two images, it is found that the
strong luminescence spots correspond to the NW positions.
Conclusion
The CL spectrum of GaN NWs shows various band related peaks with different intensity.
The strong band edge emission implies that density of defects is low at the surface of the
wires comparing with other defect related bands under this particular growth condition. In
fact, NBE has the strongest intensity showing less defects on the free surface. Finally, all
those results suggest that NW has high crystal quality.
6.2.2 Nanowires on Dot Templates
NWs grown on Si(111) under normal growth conditions show strong band emission along
with other defects related bands in the previous section. Changing the growth condition is
expected to change the quality of the wires. For example, wires grown on the dot templates
have different surface morphology (cf. Sec. 6.1.2), which will eventually show different band
related emission during the spectroscopic measurement. In this section, the influence of the
dot templates on the optical spectrum of NWs is studied for a set of growth parameters and
various contributions from CL spectra are discussed to determine the crystalline quality of
the NWs.
Experiment
A set of GaN NW samples (NC266, NC259, NC283 and NC216) have been grown on Si(111)
and their growth conditions have been listed in Table 6.2 of Sec. 6.1.2. CL spectroscopy is
performed in a LEO 1550 SEM. During spectral acquisition, the samples are focused on a
fresh, unexposed areas in order to minimize the electron beam irradiation effects and carbon
contamination. The temperature in the cooling stage is kept at 12 K using liquid He.
Results
The CL spectra for GaN samples are shown in Fig. 6.17. The accelerating voltage is 10 kV,
which corresponds to a penetration depth of less than 700 nm into GaN [1]. In the measured
CL spectra, there are mainly two features: one is the yellow band centered at approximately
2.2 eV (only in sample NC283) and others are band edges as well as defect related bands lying
between approximately 3.0 – 3.5 eV. The overall CL spectra in Fig. 6.17 clearly show the
superposition of various peaks and they have been identified by implementing a Lorentzian
deconvolution function, which determines the peak position, intensity and width (color
solid lines in Fig. 6.17 and their relevant notations). The deconvoluted results are listed in
Table 6.6.
Discussion
For all the samples, CL spectra show the NBE transitions at higher energy, which may
consist of free and/or bound excitons. Further deconvolution of NBE results in a first peak
ranged between 3.489 – 3.492 eV that corresponds to free or DBE transitions. Due to
the lattice mismatch between the GaN and Si, a tensile strain is expected but it seems
that this excitonic peak in GaN shows a compressive strain. As it is not expected for a
Si(111) substrate, so it is more likely due to an additional contribution of one or more free
excitons. Also, the electron beam has an penetration depth of less than 700 nm at 10 kV,
so most of the CL signal is coming from the top part of the samples and NWs should be
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Figure 6.17 CL spectra of NC266, NC259, NC283 and NC216 obtained at 10 kV.
Lorentzian fitted functions have also been shown within the spectra to identify various
bands in NWs.
relaxed as also confirmed in Sec. 6.3.2. The second peak at 3.445 – 3.466 eV likely arises
from acceptor-bound exciton (ABE) transition [130]. The defect-related emissions in GaN
such as DAP have been observed at about 3.28 eV along with their phonon replicas in all
the samples although its intensity varies from sample to sample. Structural defects and
impurities related band YL is only observed in the sample NC283.
In the following, we compare two samples (NC259 and NC266) grown on the dot tem-
plates. NC259 shows DBE transition at 3.489 eV with FWHM of 25 meV and NC266 shows
the same at 3.492 eV with FWHM of 32 meV. However, the relative intensity ratio between
DBE and ABE remains almost the same for these two samples (cf. Table 6.6). Also, NC259
has less DAP than NC266 and none of these samples has any YL related band. As can be
seen from the SEM images in Fig. 6.5, NC259 has comparatively longer wires (L ∼ 1.13 μm)
than NC266 (L ∼ 1.0 μm) probably due to the pre-growth condition. At this point, it is
difficult to conclude about the effects of low temperature pre-growth step on the optical
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Table 6.6 The peak position, width and the normalized intensity relative to the DBE¸ of
NC266, NC259, NC283 and NC216 are summarized. A Lorentzian distribution function is
utilized to find different band-related peaks in the CL spectra and these peaks are shown
in different color with their notations in Fig. 6.17.
Sample DBE ABE DAP LO1 LO2 YL
Peak Position (eV)
NC266 3.492 3.466 3.28 3.194 3.085 -
NC259 3.489 3.463 3.278 3.194 3.093 -
NC283 3.491 3.445 3.282 3.194 3.095 2.188
NC216 3.492 3.451 3.285 3.193 3.108 -
FWHM (meV)
NC266 32 42 52 106 149 -
NC259 25 46 44 95 148 -
NC283 30 62 90 82 125 247
NC216 42 63 88 140 229 -
Normalized Intensity
NC266 1.00 1.17 1.48 1.19 0.41 -
NC259 1.00 1.28 1.10 0.77 0.28 -
NC283 1.00 2.77 1.25 0.60 0.26 0.07
NC216 1.00 1.04 1.49 1.24 0.68 -
properties of NC259 but it seems that NC259 has better crystalline quality than NC266 due
to the reduction in DAP. It is expected that longer and well separated wires should be able
to relax more quickly and this is true for NC259. On the other hand, the samples grown
without the dot templates using the same growth conditions are shorter with higher defects
and lower luminescence, i.e. they show higher DAP (NC216) and YL (NC283) bands. So it
can be concluded that NWs grown on the dot templates have better crystalline quality as
compared to wires grown directly on Si(111). This will be further confirmed by PL method
as described in Sec. 6.3.2.
Conclusion
Using the same growth parameters, wires for the pre-growth samples are longer and higher
density than those directly grown on bare Si substrate and show intense NBE emission
corresponding to a better crystallinity.
6.2.3 Flux Dependence Studies
CL measurements showed improvement in the optical properties of GaN NWs grown on dot
templates at a fixed Ga flux as explained in Sec. 6.2.2. By varying the Ga flux, surface
morphology of the wires can be changed (cf. Sec. 6.1.3) and that should also change their
optical properties. This will be discussed here.
Experiment
The growth conditions and surface morphology of GaN NW samples (NC249, NC256 and
NC267) can be found in Sec. 6.1.3. CL spectroscopy is performed in a LEO 1550 SEM.
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Results
Typical CL spectra for all the samples are shown in Fig. 6.18 in which NC249 has the
highest Ga flux, whereas NC267 has the lowest. By fitting these spectra with a Lorentzian
function, various bands (color lines in Fig. 6.18) can be identified, which are summarized in
Table 6.7. CL spectra are taken at 10 kV, so the collected CL signal is mostly top part of
the NWs (see their SEM images in Fig. 6.9). In CL spectra, the highest energy peak has
Figure 6.18 CL spectra obtained at 10 kV for NW sample at different Ga flux. Contribution
from various transitions can be seen.
the values ranged between 3.477 – 3.485 eV depending on the amount of Ga flux used in
those samples. These excitonic emissions correspond to DBE or some free excitons at low
temperature. Also, the wires seem to be relaxed. The second peak at 3.442 – 3.451 eV likely
arises from ABE. DAP transition and their phonon replicas (LO1 and LO2) lie at 3.296 –
3.280 eV, 3.188 – 3.195 eV and 3.105 – 3.092 eV, respectively. YL is also observed in all the
samples at about 2.2 eV.
Discussion
Although NWs seem to be relaxed on the substrate, the relative intensity ratio between
DBE and DAP transitions is increasing with the decrease of Ga flux. This is an indication
of reduction of defects in the crystal with simultaneous increase of band to band transition
as the amount of Ga flux is reduced. NWs show coalescence with increased diameter at
higher Ga flux with a reduction in density (NC249) and the growth becomes like in a bulk
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Table 6.7 Calculated peak position, width and the normalized intensity relative to the
DBE of NWs grown at different ΦGa on the dot templates.
Sample DBE ABE DAP LO1 LO2 YL
Peak Position (eV)
NC249 3.477 3.442 3.280 3.195 3.092 2.207
NC256 3.485 3.451 3.281 3.197 3.097 2.227
NC267 3.481 3.446 3.296 3.188 3.105 2.212
FWHM (meV)
NC249 24 30 58 92 160 300
NC256 29 47 52 91 172 412
NC267 33 57 136 54 99 377
Normalized Intensity
NC249 1.00 1.12 7.86 5.02 1.85 0.17
NC256 1.00 0.40 1.04 0.55 0.19 0.02
NC267 1.00 1.07 0.30 0.06 0.03 0.03
with the less freedom of atoms than for the case of NWs. On the other hand, wires are well
separated with high density at lower flux (NC256 and NC267). So, coalescence of NWs could
be responsible for the DAP transition and Ga flux should be reduced in order to minimize
such coalescence induced defects. Although there are several detailed investigations on
this defect, the explanation about the nature of the donors and acceptors involved is still
controversial and will not be discussed here.
Furthermore, since YL band is attributed to defects, the ratio between excitonic emission
and YL is also increased at lower Ga flux. So it can be concluded that NWs grown at lower
Ga flux have better quality than those grown at higher Ga flux.
Conclusion
NWs grown on the dot samples at different Ga flux show some interesting CL properties. By
decreasing the Ga flux, the crystalline quality of GaN NWs can be improved by reducing
defects in their structure. This helps to optimize the growth in terms of their optical
properties together with a good morphology of long and thin wires.
6.2.4 Nanowires Grown on Si(100)
As shown in Sec. 6.1.4, NWs also grow on Si(100) substrate at different temperature and
Ga flux. It would be interesting to investigate their optical properties. In this section, their
optical properties at different substrate temperature will be discussed.
Experiment
GaN NWs have been grown by PAMBE on Si(100) at different substrate temperature as
described in Sec. 6.1.4 and their growth conditions are listed in Table 6.4. CL is performed
in a LEO 1550 SEM.
6.2 Cathodoluminescence Spectroscopy 59
Results
In Fig. 6.19, CL spectra for the samples NC423 and NC424 grown at different substrate
temperatures but with constant Ga flux, are shown. For all the samples, it is possible to
identify various features in the energy range of 3 – 3.5 eV. No yellow bands have been
identified. Lorentzian fitting procedure helps to identify various bands within these spectra.
The main features of these peaks are listed in Table 6.8.
Figure 6.19 CL spectra obtained from samples grown at different substrate temperatures.
Discussion
The peak with the highest energy known as DBE has the value of 3.484 eV with FWHM of
36 meV for NC423 and 3.494 eV with FWHM of 30 meV for NC424. The difference in the
peak position could be due to the different strain at the NW base as the electron beam can
sense the base of the wires at this beam energy. ABE remains in the position 3.443 – 3.459
eV. The most interesting transitions can be seen in the intensity of DAP emission between
these two samples. The ratio between the relative intensity of the DBE peak with respect to
the DAP transition is increasing with the increase of growth temperature. That is, NC423
has higher DAP than NC424, similar results obtained for GaN NWs grown on Si(111) at
different temperature [54]. This indicates that band to band transition has pronounced at
an expense of reduced defects when the sample is grown at high temperature. No YL band
can be seen in any of these samples. So it becomes quite clear that NWs grown at higher
temperature have better crystalline quality than the ones grown at lower temperature.
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Table 6.8 Fitting data of the CL spectra of Fig. 6.19. The peak position, FWHM as well
as normalized intensity relative to the DBE peak as determined from the fitting procedure
are presented.
Sample DBE ABE DAP LO1 LO2
Peak Position (eV)
NC423 3.484 3.443 3.276 3.191 3.088
NC424 3.494 3.459 3.276 3.187 3.085
FWHM (meV)
NC423 36 42 61 106 184
NC424 30 60 68 72 110
Normalized Intensity
NC423 1.00 0.44 0.75 0.46 0.21
NC424 1.00 0.68 0.27 0.14 0.06
Conclusion
High-resolution CL spectroscopy has been performed to analyze the crystal quality of NWs.
Higher crystalline quality wires (reduced DAP emission and no YL band) are obtained at
higher deposition temperature.
6.3 Photoluminescence Spectroscopy
PL is a very powerful non-destructive technique to identify the quality of the crystals. It
normally has a higher resolution than CL as well as the power of the PL laser source can
be controlled more easily than CL to have equal number of electron-hole pairs. Due to
the lower penetration depth of the laser, PL spectra give more local sample character than
CL spectra. Additionally, electron beam irradiation effects or carbon contamination in CL
can be avoided in PL. In this section, PL spectroscopy measurements of GaN NWs under
various growth conditions will be discussed further to validate the CL results.
6.3.1 Nanowires Grown on Si(111)
A standard NW sample will be investigated by PL method to compare with the CL mea-
surement in Sec. 6.2.1.
Experiment
PL measurement is carried out by the 488 nm wavelength of an Ar+ laser and the UV line
is obtained by doubling and admixing the second harmonic with the fundamental frequency
to have 244 nm output. The sample is kept at an optical helium bath cryostat to obtain a
temperature of 5 K. The luminescence signal is dispersed by a 0.75 m focal length Czerny-
Turner type monochromator (SPEX 1702) and detected by a water-cooled silicon photodiode
array detector. A grating with 50 lines/mm is employed. The penetration depth of the laser
in GaN is estimated to be approximately 100 nm that limits the information depth of the
PL signal. Growth condition of this particular sample (NC16) can be found in Sec. 5.4.
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Results
The normalized PL spectrum of GaN sample is shown in Fig. 6.20. Energy peak positions,
FWHM and intensity are summarized in Table 6.9. The center of the DBE peak is located
at 3.459 eV, which indicates a tensile strain in the wire. The unknown peak (Yi) at 3.405
Figure 6.20 PL spectrum of the sample NC16 obtained at 5 K. Peak deconvolution is
shown in color lines.
Table 6.9 The peak position, width and the normalized intensity relative to the DBE of
GaN NW.
DBE Yi DAP LO1 LO2 YL
Peak Position (eV)
3.459 3.405 3.254 3.168 3..069 2.199
FWHM (meV)
18.9 23.9 49.1 81.1 130 320
Normalized Intensity
1.00 0.07 0.20 0.18 0.10 0.06
eV could be related to some structural defects at the surface as explained before. Apart
from DAP bands and their phonon replicas, there is a broad YL band contribution in the
spectrum. However, the ratio between the YL and DBE peak is very low.
Discussion
Excitonic peak position depends on the strain. By comparing with the strain-free GaN,
it can be seen that there is a tensile strain in this particular NW sample due to the red-
shift consistent with CL results. Among the defect-related emissions, the unknown band Yi
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and DAP are observed. It has been previously shown that NWs grown at higher substrate
temperature are well separated having strong band edge emission with less defects [128].
This particular sample is grown for a longer time (6 hrs), so the coalescence of NWs takes
place, which will approach to bulk-like properties. Interestingly, DBE is much higher than
the defect related bands DAP and YL inspite of the coalescence. As mentioned before, this
could be due to Ga rich condition residing locally inside the NWs even though the growth
takes place under nitrogen rich conditions (cf. Sec. 6.2.1 and Sec. 6.2.3).
Conclusion
The PL spectrum of GaN NWs shows strong emission even though there is coalescence. The
density of defects is low on the surface and this is consistent with CL spectrum described
before. These findings show that NW has a high quality of surface. Further optimization
of III–V ratio can improve the crystal quality of the wires.
6.3.2 Growth on Dot Templates
High resolution PL measurements have been performed for NWs grown on the dot templates
and the results have been compared with other NWs grown directly on Si(111). This further
helps to confirm the CL results of the previous section.
Experiment
For PL measurement, a He-Cd laser source with a wavelength of 325 nm has been used an
an excitation source. The beam is focused on the sample holder, which is kept inside a bath
type cryostat (1.2 – 300 K). The laser power can be varied between 0.24 – 0.50 mW. The
luminescence signal is dispersed by a 0.75 m focal length Czerny-Turner type monochromator
(SPEX 1702) and detected by a water-cooled silicon photodiode array detector. Gratings
with 1200 lines/mm is employed to improve the resolution and measure the spectrum in a
very short range particularly near the band edge (∼ 3.4 – 3.5 eV).
A set of samples grown on the dot templates has been measured by PL. Growth condi-
tions of these samples and also their CL properties have already been described in Sec. 6.1.2
and Sec. 6.2.2, respectively.
Results
The samples are characterized by PL at low temperature (5 K). Due to different volume of
analyzed area, the spectra of all the samples are normalized to NBE as shown in Fig. 6.21
and Fig. 6.22. Due to different surface morphology of the samples, the investigated volume
varies slightly but this does not affect the spectra a lot due to the limited penetration depth
of the excitation source. The PL spectra are deconvoluted using the Lorentzian distribution
function and the results are tabulated in Table 6.10. The NBE position of all the samples
have almost the same position as can be seen in the figure. Some defect bands are also be
visible in the spectra of some samples.
Discussion
Peak fitting analysis results show that NBE is actually a superposition of a DBE peak in
the range of 3.469 – 3.470 eV and another peak namely, ABE in the range of 3.451 – 3.459
eV (cf. Fig. 6.21). If any strain would have been present, then DBE would have red- or
blue-shifted depending on the type of strain. Although the wires are grown under different
growth conditions and they have different length, the DBE peak almost remains at the
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Figure 6.21 PL spectra at near the band edge of NC266, NC259, NC283, NC216 and
NC278. DBE, ABE and defect peaks are indicated in the spectra to compare the quality of
the crystals.
same position. This suggests that all wires investigated here are strain-free despite there is
a lattice mismatch between Si(111) and GaN.
The sample NC278, which has a low temperature growth stage on dot templates shows
the DBE peak at 3.470 and the ABE at 3.457 eV. As mentioned in the previous section,
the peak at 3.423 eV is assumed to be related to some structural defects denoted as Yi at
the surface. DAP is also quite high. This sample has comparatively shorter wires, so such
defects can be expected. Also, the growth takes place at low temperature, so the desorption
of Ga is reduced and the nitrogen-rich condition is affected.
For the samples grown on dot templates, DBE is located at 3.469 eV with FWHM of
3.32 meV for NC266 and for NC259, it is also at 3.469 eV with FWHM of 3.01 meV. This
is an indication of high surface quality crystal although NC259 seems to be superior than
NC266. These wires have very high growth rate and the formation of a GaN wetting layer
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Figure 6.22 Defect related band (DAP) is shown for all the samples. It is intense only for
NC278.
Table 6.10 Lorentzian deconvolution indicated the peak position, width and the normalized
intensity relative to the DBE for all the samples. Peaks are shown with their notations in
Fig. 6.21 and Fig. 6.22.
Sample DBE ABE Yi
Peak Position (eV)
NC266 3.469 3.452 -
NC259 3.469 3.451 -
NC283 3.469 3.452 3.418
NC216 3.470 3.459 3.428
NC278 3.470 3.457 3.423
FWHM (meV)
NC266 3.32 28.2 -
NC259 3.01 28.6 -
NC283 6.24 20.2 16.6
NC216 7.47 16.2 25.0
NC278 6.21 29.4 19.5
Normalized Intensity
NC266 1.00 0.09 -
NC259 1.00 0.08 -
NC283 1.00 0.20 0.09
NC216 1.00 0.29 0.04
NC278 1.00 0.25 0.17
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seems to reduce the density of defects. Indeed, none of these samples show any Yi or DAP.
The samples (NC283 and NC216) which are grown without dot templates show defects such
as Yi and little DAP. A little variation in DBE and ABE can be observed.
Conclusion
The PL results show that the wires grown on the dot templates improve the quality of the
crystals. Despite their different surface morphology, all the wires are strain-free as shown
by high resolution PL measurements. Wires directly grown on Si(111) shows some defects.
These results are also consistent with CL measurements.
6.3.3 Flux Dependence Studies
CL spectroscopy results show the decrease of DAP at lower Ga flux for GaN NWs grown
on the dot templates at different Ga flux (cf. Sec. 6.2.3). These samples will be further
investigated by PL spectroscopy.
Experiment
The experimental set up for PL measurements has already been described in Sec. 6.3.2. The
measurement takes place at a temperature of 25 K and the growth conditions for all the
samples (NC249, NC256 and NC267) can be found in Sec. 6.1.3.
Results
The PL spectra of GaN NWs are shown in Fig. 6.23 and Fig. 6.24 at different Ga flux and
they are normalized with respect to NBE. Peak fitting procedure provides different features
Table 6.11 Lorentzian deconvolution indicates the peak position and width of various
transitions, which are also shown in Fig. 6.23.
Sample DBE ABE Yi DAP
Peak Position (eV)
NC249 3.469 3.456 3.417 3.260
NC256 3.469 3.457 3.417 3.258
NC267 3.469 3.452 3.419 -
FWHM (meV)
NC249 7.2 20.3 15.5 184.0
NC256 6.7 19.2 12.0 148.0
NC267 6.5 13.5 13.0 -
inside the spectrum and the results are listed in Table 6.11.
Discussion
Deconvoluted spectra show the DBE peak at 3.469 eV for all the samples, which implies
strain-free NWs on Si(111). Comparing the FWHM values of all the samples (cf. Table 6.11),
it can be said that NC267 has better crystalline quality than others due to the lowest FWHM
value. That is, the sample which is grown comparatively at lower Ga flux has less defects
than the sample grown at higher flux. This finding is also consistent with another defect
related bands known as DAP (cf. Fig. 6.24), which has the highest intensity at higher Ga
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Figure 6.23 PL spectra at near the band edge of NC249, NC256 and NC267. DBE, ABE
and defect peaks are indicated in the spectra.
Figure 6.24 Defect related bands such as DAP is shown for all the samples. It is intense
only for NC249.
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flux (sample NC249). DAP almost disappears in NC267 (cf. also Fig. 6.18). Another peak
positioned at 3.452 – 3.456 eV can be correlated to ABE. Substrate related defect bands
such as Yi and DAP are visible in all the samples.
Conclusion
The crystalline quality of GaN NW grown on the dot sample at different Ga flux can be
improved by reducing the Ga flux in the final growth stage. These results are consistent
with CL data as described in the previous section.
6.4 Raman Spectroscopy
Raman spectroscopy is a fast, contactless and non-destructive method to determine some
electronic parameters on an area spatially defined by the focal size of the optical beam.
Further information on the interaction of the free electron plasmon with phonons, optical
surface phonon modes, strain and crystalline quality of NWs can be obtained simultaneously
using this technique.
In unintentionally doped polar semiconductors, the longitudinal optical (LO) phonons
strongly interact with free-carrier plasmons through electric fields, which produce two cou-
pled LO phonon-plasmon modes, denoted by L+ and L-. The character of these modes
highly depends on the plasmon frequency, ωp. When ωp is lower than the uncoupled LO
phonon frequency, the L- mode behaves like a plasmon, whereas the L+ mode is phonon-
like. The frequency of L+ mode increases with an increase of carrier concentration and
eventually the character is reversed to a plasmon-like excitation
In unintentionally low doped GaN, the L+ mode is found at higher frequency than the
LO phonon due to the strong coupling with plasmons. The L+ mode shifts further to
higher frequency and broadens with increasing carrier concentration. This behavior can be
exploited in order to evaluate the doping carrier concentration and an empirical formula
can help in the calculation of carrier concentration, n [137],
n = 1.1× 1017 (ωL+ − ωLO)0.764 (6.1)
where, ωL+ is the frequency of the L+ mode and ωLO is the frequency of the uncoupled
LO phonon (ωLO = 735 cm−1). For a precise evaluation of carrier density and mobility by
Raman scattering, indeed a line shape analysis based on the carrier scattering deformation
potential mechanism should be employed [138–140]. The carrier density evaluated from Hall
measurement has been reported to be in good agreement with the calculated value by line
shape analysis [139]. A previous study on the electronic properties of GaN nanostructures by
line shape analysis was based on a bundle of as-grown vertically aligned NWs [141]. In this
section, a detailed line shape analysis of Raman scattering spectra recorded in the backscat-
tering configuration under various excitation laser power elucidates the intrinsic properties
of free-standing GaN NWs (free-electron concentration and mobility) as a function of lattice
temperature.
Experiment
Self-assembled GaN NWs are fabricated by PAMBE on Si(111) substrates under nitrogen
rich conditions at Tsub = 780 C. The initial 30 min growth takes place at ΦGa of 3.0 × 10−8
mbar which is ramped to 4.0× 10−7 mbar during the final growth for 4 hrs. A nitrogen
flux of ΦN = 4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell have
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been used. Free standing NWs (FSNWs) with an average diameter of ∼ 125 ± 25 nm
is suspended on a glass template by removing them from their original substrate. It is
considered that the c-axis NW lies along the x-axis with respect to the template’s surface.
Raman scattering measurements are performed in backscattering geometry using Dilor-
LabRam Raman spectrometer with a spectral resolution of 0.3 cm−1. A wavelength of
514.5 nm of an Ar-ion laser is used as excitation source and the laser beam is focused
through a microscope. A liquid nitrogen cooled CCD is used to collect the scattered signal
(1800 grooves/mm grating). In order to study the behavior of phonons, the laser power
dependent Raman spectra are recorded between 0.25 to 3.65 mW.
Results and Discussion
A typical cross-sectional SEM micrograph of GaN NWs is shown in the inset of Fig. 6.25.
An assembly of NWs which are well separated, quite homogenous in length and diameter
Figure 6.25 Raman spectra of a free-standing GaN nanowire recorded in quasi backscat-
tering geometry for excitation laser power of 0.25 mW near the sample surface. The inset
shows a cross-sectional SEM image of as-grown GaN nanowires on Si (111).
distribution can easily be achieved by optimizing the growth parameters.
Group theory predicts four Raman active modes at the Γ-point of the Brillouin zone
of hexagonal GaN: A1, E1, E
high
2 , and E
low
2 [140]. Since A1 and E1 are polar modes, so
they split into two components due to the interaction by long range Coulomb fields, which
leads to energy differences between phonons polarized longitudinally (LO) and transversally
(TO) to the direction of propagation of the phonons. In backscattering geometry, according
to the Raman selection rule only E2 and A1(LO) modes are allowed and TO modes are
forbidden. Fig. 6.25 shows a Raman spectrum of GaN FSNWs measured in quasi backscat-
tering geometry for a laser power of 0.25 mW. Forbidden optical modes are also present in
Fig. 6.25 and they can be related to morphic quasimodes, which appear due to symmetry
violation of crystal axes orientation. If the NWs are tilted relative to the laser excitation
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direction, then the scattered signal from the wire is not at the crystal-symmetry axes. The
A1(TO) and E
high
2 mode frequencies are found at 533.1 and 566.9 cm
−1, respectively and
they are consistent with strain-free values from literature [140]. The frequencies of A1(LO)
and TO phonons of the as-grown vertically aligned NWs are fairly unchanged as compared
to the FSNWs. The A1, E1 are polar modes in which long range electrostatic forces govern
over crystalline anisotropy. Under this circumstance, the intermixing of A1 and E1 modes
can easily be identified from the A1–E1 splitting. As the frequencies of A1(TO), E1(TO)
and its splitting are in excellent agreement with reported values (cf. Table 6.12), it can be
concluded that no intermixing between A1 and E1 of either TO or LO phonons is observed
in our spectrum. The violation of Raman selection rules in the backscattering geometry for
NWs can not be intimately related to the intermixing of phonon modes. Thus, it can be
concluded that the observed L+ mode is purely due to LO phonons of A1 symmetry. A
FWHM of the sharp Ehigh2 mode of 2.8 cm
−1 exhibits a good crystalline quality of strain-free
FSNWs. The coupled mode of L+ is observed at 739.4 cm−1. The theoretical frequency of
L- mode for the given plasmon frequency (136 cm−1) corresponding to the L+ mode is at 98
cm−1 [142]. Due to the superposition with the Rayleigh tail below 100 cm−1, this mode is
not clearly resolved in our NWs. Thus L+ mode has been used for the line shape analysis.
Fig. 6.25 also shows a broad asymmetric peak centered around 703.1 cm−1 at the lower
frequency side of L+ phonon mode. It might be assigned to a surface optical (SO) mode,
which is normally absent in bulk compact GaN films. The origin of the SO mode can
be tentatively attributed to the high surface-to-volume ratio and the broken longitudinal
symmetry at the surface of NWs. Table 6.12 shows the phonon frequencies and symmetries
Table 6.12 Typical phonon frequencies and symmetries (for 0.25 mW) observed by Raman
scattering for free-standing hexagonal GaN NWs.
Frequency in cm−1
FSNWs GaN Bulk Symmetry
311∼316 317 A1 - acoustic overtone [143]
410 410 A1 - acoustic overtone [143]
419 420 A1, E1 - acoustic overtone [143]
533.1 533-534 A1(TO)
558 556-561 E1(TO)
566.9 566.2 Ehigh2
703.1 - SO - surface optical mode
739.4 735 A1(LO)/L+
of the strongest modes observed in the first-order Raman spectra of hexagonal GaN NWs
for the excitation laser power of 0.25 mW (31.8 kW/cm2). The strain-free values of GaN
are also tabulated for comparison. The Raman scattering on FSNWs is preferable because
it provides well-resolved phonon peaks and also excludes the influence of Si substrate in the
spectrum. The A1(TO) phonon frequency is about 533 cm−1, which is always superimposed
with the long tail of Si substrate peak as it has intense broad phonon peak at 520 cm−1. As
the NWs are suspended on the insulating glass plate, which has poor thermal contact, they
are easily heated during laser irradiation. The laser induced local temperature is directly
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estimated from the excitation (0.25 to 3.65 mW) power dependent Raman spectra in the
range between 313 and 470 K by using the change of the ratio of Ehigh2 phonon stokes to
anti-stokes peak intensity [144],
IS
IAS
=
[
n(ω0 + 1)
n(ω0)
]
e
−
(
ωE2
kBT
)
(6.2)
where n(ω0) is the phonon occupation probability at the lattice temperature, kB is the
Boltzmann constant and  is the Planck’s constant. The estimated local temperature (here-
after it is refereed as lattice temperature) is ∼ 313 K for the excitation laser power of 0.25
mW. The laser induced lattice temperature increases linearly with the increase of excitation
power. Fig. 6.26 shows the corresponding Ehigh2 and A1(LO) phonon shift, respectively as
a function of excitation power. The phonons shift to lower frequency and the integrated
Figure 6.26 Laser power dependent Raman spectra of GaN NW (a) Raman shift of the
Ehigh2 phonon mode and (b) Coupled LO phonon-plasmon mode.
intensity increases with the increase of laser power. The frequency of Ehigh2 mode shifts from
566.9 to 566.3 cm−1 (red-shift of 0.6 cm−1) when the excitation power is increased from 0.25
to 3.65 mW. Additionally, the coupled mode substantially shifts from 739.4 cm−1 to lower
frequency by about 1.01 cm−1. The plausible explanation for the red-shift is the lattice
temperature rise in NWs due to the laser irradiation.
Fig. 6.27 shows the FWHM and peak positions of Ehigh2 and L+ phonons as a function
of lattice temperature. Although the change in Ehigh2 peak width is marginal as a function
of temperature, the L+ mode is over damped with the plasmon. Further, it can easily be
observed that Ehigh2 and L+ phonon line-widths increase and that the Raman frequency
shift decreases with an increase of lattice temperature.
The Raman intensity profile of a coupled L+ mode for hexagonal crystals can be ex-
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Figure 6.27 Line-width and peak positions of Ehigh2 and L+ modes as a function of lattice
temperature. (a) FWHM of Ehigh2 and L+ mode (b) Peak position of E
high
2 and L+ mode.
pressed [138,145] as,
IA = SA(ω)Im
[
− 1
ε(ω)
]
(6.3)
where ω is the Raman frequency, S is a proportionality constant and (ω) is the dielectric
function. The parameter A(ω) can be found elsewhere [144]. The line shape of the coupled
mode L+ can be fitted with the function given in Eqn. (6.3). (ω) and A(ω) are functions of
the plasmon damping constant (γ), phonon damping (Γ) and plasmon frequency (ωp). The
proportionality constant, S is reasonably treated as independent of carrier concentration.
The precise fitting of the line shape is quite important for the unique determination of the
fitting parameters γ, Γ and ωp. The strain-free values of A1(TO) = 533 cm−1 and the
uncoupled A1(LO) = 735 cm−1 are used as constants for fitting. Careful attention has
been paid to the baseline correction of the experimental data and the deconvolution of the
asymmetric low frequency peak denoted as SO mode in Fig. 6.25. The inset of Fig. 6.28
shows a typical line shape of the experimental (open circle) and the theoretical fitted curve
(gray line) of the phonon-plasmon coupled L+ mode. The reproducible fitting parameters
γ, Γ and ωp have been obtained from the above line shape analysis. They can be related to
the free carrier density (n) and effective electron mass (m∗ = 0.2me) [138,140] by
ω2p =
πne2
ε∞m∗
(6.4)
and
γ =
e
m∗μ
(6.5)
The electron concentration and mobility (μ) are obtained by a line shape analysis of the
coupled mode L+ recorded at 0.25 mW excitation laser power to be 2.2 × 1017 cm−3 and
460 cm2/V-s, respectively. It is worth to notice that the laser induced lattice heating at 0.25
mW (313 K) is negligible and hence the carrier concentration and mobility can be treated as
room temperature values. The line shape analyses of lattice temperature dependent Raman
spectra shed some light on the behavior of phonon and plasmon vibrations in NWs. The
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Figure 6.28 The electron mobility as a function of laser induced temperature in comparison
with data extracted from literature for GaN bulk1 [146], bulk2 [147] and NWs3 [141]. The
inset shows Raman spectrum of coupled LO phonon-plasmon mode (L+) of free-standing
GaN NWs for 1 mW (the gray line is the fitting curve by line shape analysis and open circle
is the experimental curve).
carrier concentration is fairly constant (2.1 ∼ 2.2 × 1017 cm−3) over the temperature range
between 313 and 473 K. This behavior is consistent with data reported for bulk GaN samples
of weak activation energy (Ed = 14 meV) [146, 147]. The carrier concentration derived
from an empirical formula described in Eqn. (6.1) for room temperature is about 4 × 1017
cm−3. The accurate line shape analysis gives only about 2.2 × 1017 cm−3. The carrier
concentration, mobility and plasmon frequency obtained by this line shape analysis are
expected to be more accurate because the fitting includes all the parameters, which influence
the transport properties of carriers and mobilities. Fig. 6.28 shows the electron mobility
plotted as a function of laser induced temperature in comparison with data extracted from
literature for GaN bulk [147] and NWs [141]. The linear decay of mobilities between 460
and 100 cm2/V-s for 313 to 473 K shows that the LO phonon scattering becomes dominant
in NWs, as do most of the bulk GaN samples. The rate of decay quite agrees with the
reported temperature-dependent electron mobilities of GaN compact layers [146,147].
Conclusion
The line shape analysis of excitation power dependent Raman scattering has been proven
to be a non-contact versatile tool to measure the electrical, optical and surface proper-
ties of free-standing GaN NWs. The electron concentration of strain-free NWs at room
temperature is about 2 × 1017 cm−3 and found to be insensitive to lattice heating. The es-
timated room temperature mobility is 460 cm2/V-s and found to decrease with temperature
in agreement with published data for bulk GaN layers.
6.5 HRTEM Investigation 73
6.5 HRTEM Investigation
Optical properties of GaN NWs have been described in the previous sections. TEM inves-
tigations can provide further insight about crystalline quality and interface properties of
these wires, which will be discussed here.
6.5.1 Nanowires Grown on Si(111)
NWs grown on Si(111) are investigated using HRTEM. The crystalline structure and quality
of GaN NWs as well as their interfaces with the substrates are studied.
Experiment
GaN NWs are grown on Si(111) at a Ga flux of ΦGa = 3.0 × 10−8 mbar, a substrate
temperature of Tsub = 785  C, a forward power of PRF = 500 W of the rf plasma cell and a
nitrogen flux of ΦN = 4.0 sccm for 45 min. Prior to the growth, the native oxide is removed
by high-temperature annealing. The samples are investigated by HRTEM equipped with a
Gatan 652 sample stage and SEM. In order to provide mechanical stability for the NWs
during the sample preparation, the samples are capped with an amorphous SiO2 layer by
CVD grown at 400 C. Samples have been prepared by thinning the as-grown sample by
chemical etching and ion-milling to investigate the interface between the wires and the
substrate.
Results
As can be seen from the SEM image in Fig. 6.29(a), GaN NWs show uniform diameter
along their length and additionally, the density is relatively high. As the NWs are grown
only for 45 min on Si(111), so the nucleation process has not yet finished (cf. Sec. 5.3). The
diameter uniformity along the wire can also be clearly seen from the cross-section of TEM
image of the sample (cf. Fig. 6.29b). HRTEM image shown in the inset of Fig. 6.29(b)
shows good crystallinity of NW with well-resolved atomic planes and a growth direction
along the c-axis.
HRTEM images of isolated NWs as well as the area close to the NW-substrate interface
are shown in Fig. 6.30. It can be seen that the substrate is covered by an amorphous layer on
which GaN NWs grow (cf. also Fig. 6.29b). Similar phenomenon has been reported earlier
[148]. Also, on this interface layer, a thin and rough GaN “wetting” layer is observed in
between the NWs, which consists of crystalline GaN nanoclusters with the same orientation
of GaN wires (cf. Fig. 6.31). The larger cluster in Fig. 6.31(a) shows a well defined top
surface that might act as a nucleation site for NW growth. The shape of the cluster in
Fig. 6.31(a) resembles the pedestal observed at the base of some wires (cf. Figs. 6.30a,c).
As shown in Fig. 6.31(b), small crystalline clusters with only 7 nm in diameter are also
observed. The majority of NWs nucleate via single nanoclusters and no disorder can be
observed at their base. Using the HRTEM images, length and diameter of the NWs have
been evaluated. Their correlation is shown in Fig. 6.32 by fitting the data with the Eqn. (5.1)
of the D-I model as discussed in Sec. 5.4. There is a lot of scattering in the data with lengths
up to 150 nm and diameter between 7 – 35 nm. As no diameter can be found below 7 nm,
this can be considered as the lower limit of the most probable nucleation diameter.
Discussion
Most of wires grown perpendicularly on Si(111) substrate with thermodynamically stable
WZ phase, although some tilted wires can also be seen (cf. Fig. 6.29a and its inset). The
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Figure 6.29 Ga NWs grown on clean Si(111) substrates: (a) SEM image with a zoom in
the inset; (b) TEM image with a HRTEM of a NW in the inset.
HRTEM image in Fig. 6.29(b) shows the NWs to be almost perpendicular to the substrate,
with only small inclination angles between 3  to 4 . However, their grown direction is along
the c-axis independent of the tilt with respect to the substrate. The lattice constant ‘c’
is found to be ∼ 5.176 A˚ calculated from the average of ten atomic planes. This value is
consistent with the literature value of c = 5.186 A˚ (cf. Table 2.1). This result suggests that
GaN NWs are strain-free. To further investigate the growth mechanism, information about
the NW nucleation is necessary and details of the substrate-NW interface will be discussed
below.
The nature of the interface amorphous layer is related to the nitrogen-rich deposition
conditions used for columnar GaN growth without any external catalyst. An amorphous
silicon nitride layer is formed by the nitridation of Si substrate in the initial growth stage.
Electron energy loss spectroscopy results with a spot size of 5 nm, performed within the
region of the interface layer under the GaN NWs show no oxygen signal. This excludes a
possible origin of the interface layer due to silicon oxidation. The large difference between
the Si-N (4.5 eV) and Ga-N (2.2 eV) bond energies is in favor of silicon nitride and not
GaN, as the origin of the interface layer. Also, in the earlier stages of the growth, a higher
surface density of Si and N atoms than Ga adatoms increases the probability of the Si–N
chemical reaction. So it can be concluded that the interface layer consists of silicon nitride,
perhaps intermixed with Ga. The incorporated Ga is in a small amount as we can deduce
from the TEM contrast of this interface layer, which is very close to that of the protective
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(a) (b)
(c) (d)
Figure 6.30 HRTEM images of different single wires grown on Si(111).
(a) (b)
Figure 6.31 Well-defined GaN crystalline nanoclusters observed in the “wetting” layer.
Figure 6.32 Length-diameter correlation obtained from TEM images of GaN NWs.
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SiO2.
The amorphous layer grown in the initial stage of the wire growth reduces the influence
of the crystalline orientation of the substrate, i.e. the thin amorphous layer does not seem
to break the epitaxial relationship between the wire and the substrate. Only for some GaN
clusters, formed in the very early deposition stage, the crystalline substrate might have an
influence on the crystal orientation of the subsequently grown GaN wires. New GaN clusters
continue to grow during deposition even after the interface layer is formed. The thickness of
the interface layer might increase during GaN deposition due to GaN cluster migration or by
a lateral side nitridation of Si underneath small clusters and wires. Because of this complex
process, the interface layer is not very uniform. Its thickness varies in different regions
between 1.2 nm and 2.5 nm (cf. Fig. 6.31). The formation of an amorphous interface layer
reduces or completely cancels the heteroepitaxial growth character of GaN NWs on Si(111)
substrates. After the initial nucleation on the amorphous interface layer, the epitaxial
growth follows on crystalline GaN clusters and on already nucleated wires. The reduced
influence of the crystalline substrate on the NW growth due to the interface amorphous layer
formation might have a beneficial effect on the NWs crystallinity by reducing the strain at
the wire base even though large misfit exists between GaN and Si(111).
From the HRTEM analysis, it can be concluded that the NWs grow along c-axis.
Nanocrystalline GaN clusters are formed initially and the growth continues along the c-axis
of nanocluster. This growth direction, as well as the formation of a top facet perpendicular
to the c-axis might be explained by the low energy of this facet (only one broken bond per
Ga atom). Thermal equilibrium locally imposes a preferential growth process on the low
energy top facet, by diffusion of adatoms from neighboring lateral surfaces in addition to
the direct impinging flux. Depletion in adatom density on the lateral surface in the top part
of the wire is thus the origin of the diffusion of adatoms from the rest of the NW lateral
surface, collecting also the adatoms from areas adjacent to the NW base [115].
The orientation of a nucleation cluster relative to the substrate is influenced by the
local orientation of the surface in the nucleation point. Thus, imperfections of the surface
flatness induce deviations of the NWs from the direction perpendicular to the substrate.
The nucleation on a perfect flat surface results in vertical wires as for example, the wire in
Fig. 6.30(a). If the nucleation takes place in the region of a step bunch on the Si surface,
the resulted wire can be strongly tilted like in the case shown in Fig. 6.30(b). In this figure,
a step bunch can be observed on the right side of the wire base, which is likely formed
by in-situ annealing of the Si substrate before deposition due to the little miscut of the
substrate. As a result, more than one cluster is initially nucleated on the higher and the
lower terrace (see inset). However, the growth is proceeded out of one cluster only, obviously
the one that has an orientation coinciding with the growth along the c-axis. The crystalline
orientation is constant along the wires, down to the wire base. The atomic planes show a
contact angle to the flat region of the interface layer, equal to the tilting angle (see the inset
of Fig. 6.30b).
Some wires are only slightly tilted as shown in Fig. 6.30(c). This could be due to
the nucleation on small surface roughness of the non-uniform amorphous interface layer.
Interestingly, these nucleated wires still grow along the the c axis, which is parallel to the
growth direction. Also, the atomic planes are tilted relative to the substrate, even at the
base, which is in contact with the amorphous interface layer. The vertical wire shown in
Fig. 6.30(d) seems to be nucleated in a small depression of the interface layer. The wire is
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centered on it and therefore has no inclination to the substrate.
The nucleation of NWs by small crystalline clusters rather than by Ga droplets in
catalyst-free growth suggests that the growth is not related to a VLS-like mechanism with
Ga droplets at the top of the wire (cf. also Sec. 5.5).
The data in Fig. 6.32 show the length-diameter dependence of the wires and the results
suggest that there is a critical diameter of 7 nm for the formation of the wire. As the
nucleation time of each wire is random, so there is a coexistence of wires nucleated at
different times and correspondingly grown for different time periods. Most of the NWs have
diameters between 10 – 15 nm as can also be seen in the histogram of the inset of Fig. 6.32.
The smaller crystalline nucleation clusters (cf. Fig. 6.31b) have diameters comparable with
the diameters of thinner wires in this sample. It can be seen from Fig. 6.32 that long wires
with diameters close to the critical size also exist. Importantly, the wires with very small
diameter grow faster in length while the radial growth is negligible. As previously discussed
in Sec. 5.4, the rapid growth of thinner wires can be explained by a diffusion-induced growth
mechanism, i.e. adatoms from the substrate surface and lateral sides of the wires diffuse
toward the wire top. The diameter dependence of the wire length can be approximated by
the Eqn. (5.1). This curve fits well to the experimental data, as a boundary of the area where
the experimental diameter-length points are found. It should be mentioned here that the
calculated critical diameter by the HRTEM analysis is much less than the others described
in Sec. 5.3 and Sec. 6.1.2. The discrepancies of the latter are related to the resolution limit
of the SEM as well as the consideration of the average diameter rather than the single one
in the measurement.
Conclusion
Catalyst-free PAMBE growth of GaN NWs investigated by HRTEM shows the formation
of an interface amorphous layer on Si substrates. Small GaN crystalline clusters have been
formed on top of the interface amorphous layer and they can act as seeds for nucleation
of new wires. Morphological defects of the surface resulting from in-situ annealing and
interface layer formation are determined as possible reasons for the inclination of some
wires. The critical diameter of the nucleation has been found to be about 7 nm.
6.5.2 Nanowires Grown on SiO2
NWs have also been grown on SiO2 substrate as described in Sec. 6.1.5 and they are vertically
aligned along c-axis. Such NWs will be investigated by the HRTEM in this section.
Experiment
GaN NWs are grown at 780 C on Si(100) substrates covered by SiO2 having a thickness
of about 320 nm. Before the growth takes place, the substrates have been patterned by
photolithography to open windows in SiO2. The patterning is used to compare the growth
on oxide regions with that on clean Si(100) areas. The samples are analyzed by the HRTEM.
Results
As already described in Sec. 6.1.5, SEM images showed two regions with different orientation
of NWs depending on substrate on which they are growing (cf. Fig. 6.13). The SEM image
in Fig. 6.33 shows the magnified areas between the interface of oxide (right) and bare
substrate (left) of Si(100). The vertical direction of the NWs grown on the oxide layer can
be seen in the TEM images of Fig. 6.34. A wetting layer is visible.
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Figure 6.33 SEM image of a border region between GaN NWs grown on oxide-free Si(100)
(left side) and on SiO2 oxide layer (right side).
(a) (b)
(c)
e
Figure 6.34 Typical TEM images of GaN NWs grown on SiO2: (a) low magnification
image of a few NWs, (b) low magnification image of a single wire, (c) HRTEM image of a
single NW.
Discussion
On the oxide region, the contrast is reduced due to the charging effects of the SEM and
most of the wires are vertical due to substrate flatness, whereas the wires grow with a
large fluctuation of angle on bare Si(100) are affected by the roughness of the substrate
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after thermal treatment. NWs with uniform diameter and good crystalline structure are
formed as can be seen in Fig. 6.34(b,c). The growth along the c-axis and the formation of
a “wetting” layer of about 2 nm thick on the oxide layer are clearly visible in Fig. 6.34(c).
The wire in Fig. 6.34(b,c) is formed asymmetrically on a small depression in the oxide layer
that results in a small inclination angle.
Conclusion
Perfect crystalline GaN NWs with c-axis parallel to the wire axial direction are obtained also
on SiO2 substrates. A major importance in the present work is the growth of high crystalline
quality GaN NWs on a non-crystalline substrate. This result opens new possibilities for
NW growth on a variety of non-conventional substrates, which might be of interest for
applications using low-cost substrates.

Give me a lever long enough and a fulcrum on which to place
it, and I shall move the world.
–Archimedes 7
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Nitrogen-rich condition is required to grow GaN NWs on various substrates as explained
in Chapter 6. Using similar conditions, it is possible to grow InN wires as well. Various
growth parameters influence the surface morphology, in particular the substrate temperature
is a key parameter because of the low dissociation temperature of InN. This chapter describes
about the influence of III–V ratio, substrate temperature and growth time on the morphology
of wires on Si(111). Their optical properties and crystalline quality will also be investigated.
In addition, InN NWs grown on Ge(111) and their optical properties will be described at the
end.
7.1 Growth Morphology on Si(111)
T
he growth of InN NWs on Si(111) takes place under nitrogen-rich condition. Various
growth parameters such as In flux (ΦIn) and substrate temperature (Tsub) can
greatly influence the morphology of these nanostructures. As opposed to GaN,
nitrogen-rich condition can not be achieved simply by increasing the Tsub. This is due to
the dissociation of InN as well as desorption of nitrogen at high temperature. Thats why
the optimization of ΦIn and Tsub is necessary to get the columnar morphology.
Experiment
InN NWs have been grown on Si(111) substrates under nitrogen-rich conditions. After
cleaning the substrates with acetone and propanol, they are annealed in UHV at 925 C for
15 min, in order to obtain an oxygen-free surface. Tsub is varied between 440 C to 525 C
whereas ΦIn is ranged between 2.3 × 10−8 to 1.0 × 10−7 mbar. A nitrogen flux of ΦN =
4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell have been used in
all the cases. The growth duration is also varied between 120 to 240 min. The growth
parameters of all the samples presented in this section are summarized in Table 7.1. The
growth morphology has been investigated by a LEO 1550 SEM.
Results
SEM images of InN NWs grown at different temperatures of 440 C (NC059), 475 C (NC032)
and 525 C (NC033) but at constant ΦIn are shown in Fig. 7.1. The density of columnar
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Table 7.1 Growth parameters of InN NWs grown on Si(111). All the samples are grown
with ΦN = 4.0 sccm and PRF = 500 W.
Sample Sub. Temp., Tsub In Flux, ΦIn Growth Time, t
( C) (× 10−8 mbar) (min)
Temperature Dependence
NC059 440 3.9 240
NC032 475 3.9 240
NC033 525 3.9 240
Flux Dependence
NC058 475 2.3 120
NC056 475 2.8 120
NC305 475 3.9 120
NC045 475 10.0 120
Time Dependence
NC303 475 3.2 120
NC302 475 3.2 240
(c)(b)(a) 440°C 475°C 525°C
Figure 7.1 Cross-sectional SEM micrographs of InN NWs grown on Si(111) at different
Tsub but at constant ΦIn. (a) Sample NC059 is grown at relatively low temperature of 440 C
and high density of wires is visible. (b) At 475 C (NC032), the density is reduced. However,
there is a large variation of length. (c) The density is drastically reduced at 525 C and the
wire broadens at the top (NC033).
wires is high at 440 C, which is the lowest growth temperature chosen for our experiments.
Some wires are coalesced showing tendency to form a compact layer. A distribution of
length and diameter is also visible. A lot of thin and short wires present at the bottom
close to the substrate are shown in Fig. 7.1(a). In case of NC032, which is deposited at
an intermediate temperature of 475 C, the wires are longer as compared to NC059 (cf.
Fig. 7.1b). The density is comparatively low and no coalescence can be seen. A broadening
towards the top can be visible for some wires and an opposite behavior, i.e. gradual decrease
of diameter towards the top (tapering) is also seen. Further increase of temperature up to
525 C (NC033) reduces the density of wires drastically (cf. Fig. 7.1c). The diameter shows
smaller value at the base (50 – 70 nm) and larger value at the top (450 – 500 nm). The
top of the wire sometimes looks very flat with hexagonal shape of WZ InN. It is clear that
high temperature growth favors the decomposition of InN, which destroys the columnar
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morphology.
SEM images in Fig. 7.1 shows that the intermediate growth temperature at 475 C is
suitable to have a columnar growth at a fixed ΦIn. However, it is necessary to vary the flux
at this temperature and investigate the surface morphology, which may help to optimize
(a) (b)
(c) (d)
Figure 7.2 SEM images of InN NWs grown for 2 hrs at Tsub = 475 C and different ΦIn of
(a) 2.3 × 10−8 mbar (NC058), (b) 2.8 × 10−8 mbar (NC056), (c) 3.9 × 10−8 mbar (NC305)
and (d) 1.0 × 10−7 mbar (NC045).
the growth further. For this purpose, a set of samples has been grown at different ΦIn by
keeping Tsub fixed at 475 C and their SEM images are shown in Fig. 7.2.
At lowest ΦIn of 2.3 × 10−8 mbar (NC058), a tapering effect can be observed and an
average growth rate of ∼ 125nm/hr has been calculated for most of the NWs. However,
this tapering is reduced when ΦIn is increased to 2.8 × 10−8 mbar (NC056) as shown
in Fig. 7.2(b). Interestingly, two different growth regimes can be identified. One has a
maximum length of ∼ 700 nm in case of thinner wires and other has less than 300 nm for
shorter wires with larger diameter. For most of the thinner longer NWs, diameter varies
between 25 to 55 nm although there are very few such wires on the substrate. Such a
variation is not observed in catalyst-free InN NWs grown on sapphire by Chemical Beam
Epitaxy (CBE) [62]. With further increase of ΦIn up to 3.9 × 10−8 mbar (NC305), a
similar surface morphology as NC056 is observed (cf. Fig. 7.2c). In addition, the longest
wire is about 1.1 μm with diameter of about 25 nm and the shortest wire is about 300 nm
with diameter of about 150 nm. The length and diameter distribution of NC305 is shown
in Fig. 7.3. It has been observed that further increase of ΦIn changes the wire morphology
to uniform length and the growth regime tends to move towards the compact layer (sample
NC045 of Fig. 7.2d).
At a constant ΦIn of 3.2 × 10−8 mbar and growth temperature of 475 C, it is possible
to observe a morphology change with the deposition time. SEM images of such NWs are
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Figure 7.3 Variation of length and diameter for the sample NC305.
(b)(a)
Figure 7.4 SEM micrographs of InN NWs showing the effects of deposition time at a
constant ΦIn of 3.2 × 10−8 mbar. (a) For a growth time of 120 min, tapering is visible for
all the wires (NC303). (b) At 240 min growth time, the length of the wires increases with
deposition time, but there is broadening in some of the wires (NC302).
shown in Fig. 7.4 for the deposition time of 120 min and 240 min. The wires have almost
uniform length with tapering effects for a deposition time of 120 min (NC303), whereas
there is an increase of length as well as broadening at the top of wires for 240 min growth
(NC302).
Discussion
Similar to GaN, InN NW morphology strongly depends on the Tsub although the thermody-
namic behavior is different. In case of GaN, nitrogen-rich condition can be achieved simply
by increasing Tsub, which in turn increases the desorption of Ga and III–V ratio reduces to
less than one. For InN, nitrogen incorporation is very important and a high Tsub can hinder
this process due to the dissociation of InN. However, the reactive nitrogen can readily bond
to In species at an optimum temperature to initiate the NW growth under nitrogen-rich
condition.
No metallic droplets have been observed at the top of InN NWs grown at different Tsub,
which is similar to GaN NWs. At low temperature of 440 C, all the wires have uniform
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diameter and this is due to the direct impingement of the growth species. The growth
rate is increased when the temperature is further increased to 475 C. This shows that the
adatoms diffusion is enhanced due to high temperature and adatoms can reach the top of
wire through the diffusion channel of NW side walls. This can be identified in Fig. 7.1(b).
Dissociation of InN enhances at 525 C and the columnar morphology starts to disappear.
Comparing the surface morphology of InN NWs grown at different temperature range, it is
possible to conclude that the good columnar morphology is seen at 475 C, which is indeed
the optimum temperature for NW growth.
As shown in the SEM images of Fig. 7.2, InN NWs show tapering as well as broadening
effects and that depends on ΦIn although Tsub is kept at 475 C, which is optimum. Such
behavior can only be explained with the help of diffusion growth mechanism. For a limited
diffusion length, the adatoms reaching at the substrate as well as diffusing along the sidewall
of the wire along its top can reach up to a certain length. Thats why the tapering is observed
at lower flux as the contribution from the diffusion channel decreases (cf. Fig. 7.2a,b). In
case of NC305 (cf. Fig. 7.2c), which has higher ΦIn, the tapering is reduced as more adatoms
are available from the substrate surface to the wire and the contribution from diffusion is
enhanced. There are lot of thinner wires particularly for NC305, which are the longest
and vice versa (cf. Fig. 7.3). This is more pronounced in NC305, which has higher ΦIn
than NC056. Under this particular growth condition, the contribution of diffusion to the
growth mechanism is evident, similar to the case of GaN NWs discussed in Sec. 5.4. With
further increasing ΦIn, more adatoms are available and broadening at the top of the wire
takes place. As reported earlier [149], addition of metallic In on the top of GaN surface can
enhance the diffusivity by forming a thin layer on the surface which reduces the diffusion
barrier. This is a probable explanation that could be applied in our case.
Conclusion
The influence of Tsub, ΦIn and the growth time on InN NW morphology has been shown.
An optimum growth temperature of 475 C has been determined and a suitable ΦIn can
be chosen to have desired morphology. Tapering can be reduced by increasing the flux at
optimum temperature and a large variation of length and diameter has been observed at
intermediate ΦIn. Further increase of ΦIn shows broadening effects at the top of the wire.
7.2 Photoluminescence Spectroscopy
The growth morphology of InN NWs on Si(111) has been studied in Sec. 7.1 under various
growth parameters. The optical properties of these NWs will be further investigated by
PL spectroscopy in order to identify the band gap as well as the crystalline quality of NW
samples as a function of Tsub and ΦIn.
Experiment
PL measurements are performed in a BIORAD FTS40 system equipped with a cooled Ge
detector and an Ar-ion laser with 488 nm wavelength. A He cryostat helps to perform low
temperature measurement at 5 K. A set of InN NW samples grown at different substrate
temperature and In flux has been investigated and their growth parameters are listed in
Table 7.1.
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Results
PL signal is detected only in the infrared region for all the samples and their spectra are
shown in Fig. 7.5. A spectrum is acquired from infrared to ultraviolet to exclude the presence
of additional peaks. To compare the shape of the spectra, they have been normalized to
the maximum intensity of the peak. For temperature dependent growth of InN NWs, their
PL spectra are shown in Fig. 7.5. For the sample NC059, the peak is present at energy
Figure 7.5 Influence of (a) substrate temperature and (b) In flux on the PL spectra of InN
NWs.
position of 809.5 meV with a FWHM of 88 meV. The peak is then red-shifted and narrows
further with the subsequent increase of Tsub. At 525 C, the peak remains at 767.9 meV
with FWHM of 49.3 meV. Similar behavior is observed for flux-dependent growth samples
as can be seen in Fig. 7.5(b). At maximum ΦIn of 10 × 10−8 mbar, the peak displays at
Table 7.2 InN NW samples grown at different Tsub and ΦIn showing the peak position and
FWHM. The laser power is kept at 12 mW and 50 mW for temperature and flux dependent
grown samples, respectively and the measurement takes place at 5 K. A Gaussian fit function
is used to extract these values. Peak position and FWHM decrease with the increase of Tsub
or ΦIn indicating the improvement of crystal quality.
Sample Tsub ΦIn Peak Position FWHM
( C) (× 10−8 mbar) (meV) (meV)
Temperature Dependence
NC059 440 3.9 809.5 88.0
NC032 475 3.9 778.9 53.5
NC033 525 3.9 767.9 49.3
Flux Dependence
NC058 475 2.3 813.4 110.8
NC056 475 2.8 812.1 107.1
NC305 475 3.9 794.2 68.6
NC045 475 10.0 774.0 51.0
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774 meV with FWHM of 51 meV. For these two set of samples, the growth parameters as
well as PL peak energy position and FWHM are summarized in Table 7.2.
Discussion
The shape of PL spectra and the width are related to the different carrier concentration,
which depends on the background doping. That is, lower carrier concentration leads to
lower peak position (red-shift) and narrower spectra. With the increase of Tsub and ΦIn,
the peak is red-shifted as well as the width also decreases under the present experimental
growth conditions. This implies that the background doping is reduced due to the increase
of temperature and flux.
As mentioned earlier, InN growth condition is different than GaN and the effective III–V
ratio increases due to the evaporation of nitrogen from InN. As a result, nitrogen vacancy
should increase, which in turn increases the n-type background doping. As the wires are
grown under nitrogen-rich condition and the free carrier concentration decreases with the
increase of temperature (of course, within our experimental limit), the influence of nitrogen
vacancy can be eliminated. The same is also true for higher In flux.
Conclusion
PL spectroscopy results show that the unintentional doping of InN NWs is influenced by
its growth parameters. With the increase of Tsub or ΦIn, the PL peaks are red-shifted as
well as their FWHM values decrease. This is a sign of good crystalline quality of InN NWs.
Finally, it can be concluded that higher temperature or flux is suitable for high crystalline
quality InN NWs within the investigated parameters.
7.3 HRTEM Investigation
Optical properties of InN NWs have been determined using PL spectroscopy in the previous
section. Crystalline quality of these wires will be further investigated by the HRTEM in
this section.
Experiment
Experimental set up for HRTEM measurements of InN NWs has been explained in Sec. 6.5.
The growth parameters of the investigated samples (NC033 and NC044) are summarized in
Table 7.3. A forward power of PRF = 500 W of the rf plasma cell and a nitrogen flux of ΦN
= 4.0 sccm have been used for both the samples.
Table 7.3 Growth parameters of InN NW samples analyzed by the TEM.
Sample Sub. Temp., Tsub In Flux, ΦIn Growth Time, t
( C) (× 10−8 mbar) (min)
NC033 525 3.9 240
NC044 475 7.0 120
Results
TEM images of InN NWs (NC033) spread on a lacey carbon grid are shown in Fig. 7.6.
Non-uniformity of diameters is visible, i.e. bottom part of the wire has smaller diameter
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(a) (b)
(c) (d)
Figure 7.6 TEM images of InN NW sample NC033. (a) The bottom and the top part of
the NW can be identified from their diameter, i.e. bottom part, which is attached to the
substrate has smaller diameter than the top. (b) Magnified image of the bottom part in
which a lot of defects such as SFs can be seen. (c) The density of defects reduces while
moving from the bottom to the top. (c) HRTEM image of highly crystalline NW at the top
and their lattice planes can be identified.
than the top. This morphology corresponds well to the SEM image in Fig. 7.1(c). Lot of
SFs or other defects are visible at the bottom part of the wire (cf. Fig. 7.6b). However,
the defects are reduced while moving towards the top part as shown in Fig. 7.6(c). The top
part is almost defect-free (cf. Fig. 7.6d) as can be seen in the HRTEM image, which shows
single crystalline plane.
Also for the sample NC044 as shown in Fig. 7.7, all the defects are concentrated at the
bottom. Some tapered wires are also present (cf. Fig. 7.7b). Some wires show even no SFs
(cf. Fig. 7.7d). Wires are having almost uniform diameter at the top with and without any
defects as shown in Figs. 7.7(c,d). HRTEM image shows individual lattice plane clearly (cf.
Fig. 7.7f).
Discussion
There is a lattice mismatch of – 8% between InN and Si(111). All the TEM images reveal
that strain is present during the initial growth of the wires because the strain is more
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(a)
(c)
(f)
(d)
(e)
(b)
Figure 7.7 TEM images showing different wires from NC044 sample. (a) The sample
contains a lot of SFs at the base as can be easily identified, similar to NC033. (b) Wires
have sharp tips. (c) The wire does not have smooth surface and some defects at the top can
be seen. (d) The wire with the sharp tip apparently shows no SFs. (e) Some wires show
lattice planes equally placed and they are highly crystalline. (f) HRTEM image of a NW
which clearly shows individual atomic planes.
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pronounced at the base. The wires relax with the increase of length as well as the diameter
(slightly). Such strain-induced defects can be seen at the wire base as shown in Fig. 7.6 and
Fig. 7.7.
It is worth analyzing the upper part of the wires, which is almost strain-free. The lattice
constant ‘c’ has been calculated along the growth direction from the average of ten atomic
planes and is found to be ∼ 5.688 A˚. This value is consistent with the literature value of c =
5.704 A˚ (cf. Table 2.1 for InN). The lattice constant ‘a’ is calculated to be ∼ 3.52 A˚, which
is almost equal to literature value. These results suggest that InN NWs growth takes place
along c-axis and they are almost strain-free at least in the upper part. On the other hand,
the growth takes place comparatively at low-temperature so the adatoms can not reach the
top of the wire as efficiently as compared to GaN case (i.e. the diameter is larger at the
top) and as a consequence, the surface is not completely atomically flat.
Conclusion
The quality of InN NWs has been investigated by the HRTEM. The substrate-induced
defects are visible at the bottom part of the wire, which during the growth further relaxes.
The calculated lattice constants compare well to the literature value of high quality InN
and thus suggesting that the growth takes place along c-axis. However, the NW surface is
not atomically smooth as opposed to GaN due to the low temperature growth.
7.4 Growth Morphology on Ge(111)
In plane lattice constants of InN and Ge(111) are 3.533 A˚ and 4.001 A˚, respectively [150]. So
Ge substrates provide adequate lattice matching to InN compared to traditional substrates
such as sapphire. III–Nitride semiconductors grown on Ge have not been explored very
extensively. The growth of InN on Ge(111) by rf PAMBE has only been reported recently
[151, 152]. However, there is no report so far regarding InN NW growth on Ge(111). In
this chapter, the growth of InN NWs on Ge(111) will be discussed very briefly and their
structural and optical properties will be investigated.
Experiment
InN NWs have been grown on Ge(111) substrates under nitrogen-rich conditions. After
cleaning the substrates with organic solvents, they are annealed in UHV at 640 C for 15
min. The substrate temperature (Tsub) is varied between 475 C to 490 C whereas In flux
(ΦIn) is kept at 3.9 × 10−8 mbar. A nitrogen flux of ΦN = 4.0 sccm and a forward power of
PRF = 500 W of the rf plasma cell have been used. The growth parameters of all the samples
presented are summarized in Table 7.4. The growth morphology has been investigated by a
Table 7.4 Growth parameters of InN NWs grown on Ge(111) with constant In flux of
3.9 × 10−8 mbar. All the samples are grown with ΦN = 4.0 sccm and PRF = 500 W.
Sample Sub. Temp., Tsub In Flux, ΦIn Growth Time, t
( C) (× 10−8 mbar) (min)
NC306 475 3.9 120
NC311 475 3.9 240
NC309 490 3.9 120
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LEO 1550 SEM. The structural properties of InN NWs are measured with a Bruker X-ray
diffraction (XRD) system. Their optical properties are determined by PL spectroscopy with
the experimental set up already described in Sec. 7.2.
Results
SEM micrographs of InN samples grown at different conditions are shown in Fig. 7.8. Only
(c)(b)(a)
Figure 7.8 SEM micrographs of InN NWs grown on Ge(111). Both (a) NC306 and (b)
NC311 are grown at a substrate temperature of 475 C for 120 and 240 min, respectively.
(c) NC309 is grown relatively at higher temperature (490 C) and NW morphology is not
observed.
the samples NC306 and NC311, which are grown at Tsub = 475 C and ΦIn = 3.9 × 10−8
mbar show the typical NW morphology. NC306 has shorter wire as compared to NC311
because they are grown at different duration. There are lot of thin wires, which are long
and thick wires, which are short in both the samples, similar to NWs grown on Si(111).
As already explained in Sec. 7.1, the NW morphology is not maintained at higher growth
temperature and such is the case for NC309, which is grown at Tsub = 490 C. The sample
shows hexagonal facets at the top, whereas the base is thin.
The crystallographic structure of NC311 is studied by XRD. Fig. 7.9 shows (2θ − ω)
XRD scan of the sample NC311. Both (0002)InN and (111)Ge diffraction peaks can be
clearly observed and peak positions are θGe(111) = 13.614  and θInN(0002) = 15.649 .
PL spectra for NC306 and NC311 are shown in Fig. 7.10 at different temperature and
they have been normalized to the maximum intensity of the peak. PL spectra show some
differences for these two samples. For shorter NW grown for 120 min (NC306), peak remains
at higher energy position and broadens whereas the peak is red-shifted and narrows further
for the longer NW sample (NC311), which is grown for 240 min. The data are summarized
in Table 7.5.
Discussion
Similar to Si(111), InN NWs have been grown on Ge(111) with the identical growth con-
ditions (cf. Sec. 7.1). Despite the large lattice mismatch between InN and Ge(111) (–9%)
as well as different physical properties between Ge and Si, NW morphology is obtained.
Tsub plays a major role during the growth. InN NW morphology is only retained at growth
temperature of 475 C (cf. Fig. 7.8a,b). Also, the wires get longer with time as can be seen
in Fig. 7.8(b). As shown in Fig. 7.8(c), InN is dissociated at higher growth temperature and
NW morphology is destroyed.
XRD results show both InN(0002) NWs and Ge(111) diffraction peaks and indicate the
epitaxial relationship [0001]InN‖[111]Ge, similar to InN thin films grown on Ge(111) [152].
The higher angle peak indicates hexagonal InN. The (0002) ω−2θ FWHM value is calculated
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Figure 7.9 (ω− 2θ) XRD scan of NC311 NW sample. Both Ge(111) and InN(0002) peaks
are clearly visible.
Figure 7.10 PL spectra of InN NWs samples: (a) NC306 and (b) NC311 grown for 2 hrs
and 4 hrs respectively. The peak red-shifts and narrows at higher growth time.
to be 11.33 arcmin for NC311. This result indicates that WZ InN has been grown with the
polar axis parallel to Ge(111) substrate.
Luminescence from Ge can be differentiated from InN as Ge peak lies at 720 meV.
PL spectra show strong luminescence from 795.9 to 782.5 meV for NC306 and 784.1 to
768.2 meV for NC311 depending on the temperature and they can be only from InN NW
samples. With increasing temperature, the peak broadens on the high energy side for both
the samples (cf. Fig. 7.10). As explained in Sec. 7.2, the shape of PL spectra and its width
are related to the different carrier concentration, i.e. the background doping. For lower
carrier concentration, peak is red-shifted and its width narrows. The sample NC306, which
is grown for 2 hrs has shorter length and InN/Ge interface also contributes significantly in
the PL signal. As Ge can easily react with InN and incorporate at the interface to form
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Table 7.5 InN NW samples (NC306 and NC3111) grown on Ge(111) showing the peak po-
sition and FWHM at different temperature. The laser power is kept at 50 mW. A Gaussian
fit function is used to extract these values. Peak position and FWHM show smaller values
for longer NW sample (NC311) as compared to shorter NW sample (NC306) at the same
temperature.
Temperature (K) Peak Position (meV) FWHM (meV)
NC306
300 795.9 89.4
100 785.3 67.4
50 783.9 63.4
20 782.5 62.0
NC311
300 784.1 75.2
100 771.6 54.5
50 770.2 49.6
20 768.2 47.7
defects [152], so background doping is high for NC306. For NC311, the wires are longer
than NC306 and most of the signal is coming from the top part of the sample. The peak is
red-shifted and its width decreases. At 20 K, the peaks remain at 782.5 meV and 768.2 meV
with FWHM of 62 meV and 47.7 meV for NC306 and NC311, respectively. This indicates
that NC311 has better crystalline quality than NC306.
Conclusion
InN NWs grown on Ge(111) substrate via PAMBE have been carried out successfully and
the material properties have also been investigated. XRD data show that WZ InN has been
grown with [0001] direction parallel to Ge(111). PL properties show smaller bandgap of InN
on Ge. Better crystalline quality has been observed for NWs grown for longer deposition
time. Further investigation is necessary to optimize the growth and crystal quality.

It is unworthy of excellent men to lose hours like slaves in
the labor of calculation which could be relegated to anyone
else if machines were used.
–Gottfried Wilhelm von Leibnitz 8
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Characteristics of semiconductors will change when they are doped with other materials.
In III–Nitride NW semiconductors, both n- and p-type doping can be achieved through Si and
Mg, respectively which are typical n- and p-type dopants. The knowledge about the surface
morphology and physical characteristics of n- and p-type NWs particularly for GaN will
become useful for realizing opto-electronic devices with high performance. In this chapter,
the growth morphology of GaN NWs in presence of Si or Mg dopants as well as their optical
properties will be investigated. The effects of Si addition during InN NW growth as well as
its optical properties will be briefly discussed.
8.1 Doping in GaN Nanowires
D
oping (both n- and p-type) of GaN can be accomplished by the incorporation of
Si or Mg during the growth. The influence of Si and Mg on the morphology of
GaN NWs will be discussed here. Si, which acts as an anti-surfactant reduces the
surface mobility of adatoms and changes the NW morphology. Mg acts as a surfactant,
which enhances the radial growth of NWs.
8.1.1 Growth Morphology
The influence of adding Si or Mg during the growth of GaN NWs on Si(111) has been
studied and their surface morphology has been investigated in this section.
Experiment
The growth parameters of Si- and Mg-doped GaN NW samples investigated here are listed
in Table 8.1 and Table 8.2. The growth morphology of Si-doped NWs grown at different
growth temperature and Ga flux as well as on dot templates has also been investigated.
Fabrication of dot templates on Si(111) has already been described in Sec. 6.1.2. A nitrogen
flux of ΦN = 4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell have been
chosen.
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Table 8.1 Growth parameters of Si-doped GaN NW samples at various growth conditions
along with an undoped sample for comparison. A nitrogen flux of ΦN = 4.0 sccm and a
forward power of PRF = 500 W of the rf plasma cell have been used.
Sample Sub. Temp., Tsub Ga Flux, ΦGa Si Flux, ΦSi Growth Time, t
( C) (× 10−8 mbar) (× 10−9 mbar) (min)
Directly on Si(111)
NC061 785 3.0 - 240
NC133 785 3.0 1.0 120
NC068 785 3.0 4.0 240
NC346 757 4.4 1.0 120
NC348 757 3.3 1.0 120
On Nanodot Templates
NC331 777 2.3 - 120
NC336 777 2.3 1.0 120
NC337 777 3.3 1.0 120
Table 8.2 Growth parameters of Mg-doped GaN NW sample (NC131) with ΦN = 4.0 sccm
and PRF = 500 W.
Sample Sub. Temp., Tsub Ga Flux, ΦGa Mg Flux, ΦMg Growth Time, t
( C) (× 10−8 mbar) (× 10−9 mbar) (min)
NC131 785 3.0 1.0 120
Results
GaN NW samples doped with Si (NC133 and NC068) are shown in Fig. 8.1 at constant ΦGa
and Tsub. NW morphology as well as the density have changed with different Si flux (ΦSi)
(c)(b)(a)
Figure 8.1 Cross-sectional SEM images of GaN NWs grown on Si(111) doped with different
Si fluxes of (b) 1.0 × 10−9 mbar (NC133) and (c) 4.0 × 10−9 mbar (NC068). An undoped
sample (NC061) is also shown in (a) as a reference. The doped NW has lower density than
the undoped one and a broadening at the top is clearly visible.
while comparing with the undoped GaN sample (NC061). The density is decreased for all
the Si-doped samples as compared to undoped one and that depends on whether NWs are
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doped with lower (cf. Fig. 8.1b) or higher (cf. Fig. 8.1c) Si flux. The broadening at the top
is more pronounced than the base for highly doped samples.
The samples NC346 and NC348, which are grown comparatively at lower Tsub (757 C)
but at different ΦGa also show some effects on their morphology because of Si doping (cf.
Fig. 8.2). Due to lower substrate temperature and higher Ga flux, a coalescence behavior
(b)(a)
Figure 8.2 SEM micrographs showing Si-doped NW samples grown at substrate temper-
ature of 757 C and Ga flux of (a) 4.4 × 10−8 mbar (NC346) and (b) 3.3 × 10−8 mbar
(NC348). The Si flux is kept at 1.0 × 10−9 mbar.
can be seen. However, a little broadening at the top of the wire is also visible and the wires
are fairly uniform in length (cf. Fig. 8.2a). At lower Ga flux, such coalescence behavior is
not observed as can be seen in Fig. 8.2(b).
(c)(b)(a)
Figure 8.3 SEM images of Si-doped GaN NWs grown on dot templates at different ΦGa
of (b) 2.3 × 10−8 mbar (NC336) and (c) 3.3 × 10−8 mbar (NC337). An undoped sample
(NC331) grown with ΦGa of 2.3 × 10−8 mbar is shown in (a) for comparison.
On the other hand, Si-doped NW shows similar morphology grown on dot templates (cf.
Fig. 8.3). The wires are longer as compared to NC133. Only the density is changed due to
the change in Ga flux, i.e. NC337 has higher density of wires than NC336.
Mg doping shows a different scenario on the surface morphology of GaN NWs as can be
seen in Fig. 8.4. The wires tend to be coalesced. The diameter does not broaden at the top
and fairly remains constant along its length in contrast to Si-doped wire. The length of the
wires remains almost constant and an average axial growth rate of ∼ 85 nm/hr has been
estimated. Top view SEM images of NC131 show irregular shapes due to the coalescence
effects.
Discussion
Si is the donor impurity to make GaN n-type conductive and the surface morphology depends
on the growth conditions and the techniques used. For example, Si concentration within a
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(b)(a)
Figure 8.4 (a) Side view and (b) top view SEM images of GaN NW sample (NC131)
doped with Mg. The wires are coalesced in presence of Mg. No thinner wires are visible as
compared to undoped sample in Fig. 8.1(a).
particular range can modify MOVPE grown GaN(0001) surface from step flow to a three-
dimensional mode and this may act as anti-surfactant [153]. On the contrary, Si doping in
MBE grown GaN leads to form smoother surfaces without adversely affecting the growth and
acts as surfactant [154]. This gives quite surprising results between MOVPE and MBE while
doping GaN with Si. Under nitrogen-rich conditions, which are characteristic for MOVPE
growth, a lower Si solubility is observed. Ga-rich conditions are instead characteristics for
MBE growth of thin films [155]. As NW growth takes place under nitrogen-rich condition
in MBE, the scenario resembles to MOVPE growth and Si acts as anti-surfactant. Si can
segregate to the surface under nitrogen-rich conditions where it forms Si3N4 islands and
this Si3N4 chemically passivates GaN surfaces and GaN growth occurs only in regions of the
surface not covered by Si3N4 [155]. The density of GaN NWs is reduced in our case as the
formation of new GaN nuclei is suppressed by the formation of Si3N4. Thats why Si-doped
NWs show less density as compared to undoped samples and the density is further reduced
at higher Si flux (cf. Fig. 8.1). Similar surface morphology is observed for other GaN NW
samples grown at lower temperature and different ΦGa while maintaining the constant ΦSi
(cf. Fig. 8.2). Due to less desorption of Ga at lower temperature as well as higher Ga
flux, anti-surfactant behavior is not so significant as compared to Fig. 8.1(b) as the growth
regime deviates away from nitrogen-rich condition in which the higher solubility of Si is
expected. Similar behavior is also observed for other doped wires grown on dot templates
(cf. Fig. 8.3). In this case, the wires are more uniform in length as compared to Fig. 8.2(b)
and the density increases with the increase of Ga flux as expected. On the other hand, Mg
acts as a surfactant, which enhances the lateral growth (cf. Fig. 8.4). The wires tend to be
coalesced due to the enhancement of lateral growth. However, the length remains almost
constant.
Conclusion
The influence of Si and Mg on GaN NW morphology has been studied. It has been found
that Si acts as an anti-surfactant. The broadening at the top of the wire takes place at
higher Si flux. Anti-surfactant behavior does not seem to be very significant for the NWs
grown at lower temperature and on dot templates. On the contrary, Mg acts as a surfactant
and enhances lateral growth, which leads to coalescence.
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8.1.2 Cathodoluminescence and Photoluminescence Results
The morphology of the GaN NWs has been affected by the incorporation of Si and Mg
in the crystal structure as discussed in the previous section. In this section, CL and PL
spectroscopies are employed to characterize the optical properties of doped NWs and study
how these dopants affect the luminescence.
Experiment
Growth parameters for Si-doped (NC133) and Mg-doped (NC131) samples which have been
used for CL studies have already been listed in Table 8.1 and Table 8.2 and an undoped
sample has also been prepared with the same growth conditions. The same experimental
setup for CL as presented in Sec. 6.2 has been used. The accelerating voltage of the SEM
is kept at 20 kV with an aperture size of 120 μm and CL bandpass is chosen to be 20 nm.
The temperature is kept at 10 K.
For PL studies, two samples, one undoped (NC331) and one Si-doped (NC336) grown on
dot templates have been considered and their growth parameters can be found in Table 8.1.
The experimental setup for PL measurements has been explained in Sec. 6.3.
Results
Normalized CL spectra of GaN NWs with different dopants are shown in Fig. 8.5. The
DBE peaks are located at 3.478 eV for both undoped and Si-doped samples and the peak
width is increased slightly due to Si doping. Due to the limited spectral resolution of this
particular experiment (i.e. high CL bandpass of 20 nm), other peaks could not be resolved.
No YL band is visible in both the samples. For Mg-doped GaN, several bands can be seen
Figure 8.5 CL spectra show an undoped, Si-doped (NC133) and Mg-doped (NC131) GaN
NWs measured at 10 K. The DBE peaks almost remains the same for both undoped and
Si-doped sample. But the Si-doped sample has broader peak than the undoped one. No
YL band is visible. A much broader peak is visible for Mg-doped sample in which DBE is
hardly seen.
in the spectrum although they are poorly resolved. Similar spectrum has also been reported
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earlier for GaN [130, 134]. The NBE is hardly visible in the high energy end of that broad
spectrum. The broad peak is centered approximately at 3.1 eV and this consists of DAP
band centered around 3.132 – 3.262 eV. A convolution with the blue band centered at 2.90
eV is also present. Due to the resolution limit of the CL system, further high resolution
measurements are necessary to clearly identify different bands in those Mg-doped NWs.
The normalized PL spectra of undoped and doped GaN NW sample grown on dot
templates are shown in Fig. 8.6. The center of the narrow DBE peak is located at 3.469 eV
for undoped sample (NC331) and the same is located at 3.477 eV for doped sample (NC336)
Figure 8.6 PL spectra show both the undoped and Si-doped samples grown on dot tem-
plates.
with much broader peak than the undoped one. It is found that the dominant PL peak is
blue-shifted for the doped one, similar behavior observed from the other group on compact
layer before [156].
Discussion
Due to Si-doping, the CL spectrum is broadened a little and the high energy tail of the
spectrum is less steep. The luminescence line broadening is related to potential fluctuation
due to random distribution of dopants [157,158]. Surprisingly, no strain is associated with
the doped sample as the DBE remains almost at the same position with the undoped sample.
No defect bands are visible, which imply high quality sample. On the other hand, Mg-doped
GaN NW sample shows the broad impurity band quenching the DBE peak even though all
the defect related peaks have not been resolved in the experiment. However, the results
indicated that Mg is incorporated in the NW crystal.
PL spectrum also shows the broadening of NBE peak for the doped sample. According
to the potential fluctuation model, the peak energy of DBE can be higher than the typical
value of undoped sample.
Conclusion
Optical properties of undoped and doped GaN NW have been investigated by CL and
PL spectroscopy. The results show that both Si and Mg are incorporated in the NW as
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derived from their optical spectra. The NBE peak broadens due to the fluctuation of doping
concentration as compared to undoped sample. Mg-doped NW shows a broad peak, which
consists of defect bands. Further high resolution spectroscopy techniques would able to
identify these defects.
8.1.3 Raman Spectroscopy
Raman scattering from undoped or unintentionally doped GaN NWs has been discussed in
Sec. 6.4. For Si-doped NWs, optical properties are expected to change in terms of carrier
concentration and mobility. This will be discussed here.
Experiments
The growth parameters for Si-doped GaN NW sample (NC133) can be found in Sec. 8.1.
The experimental set up for this measurement can be found in Sec. 6.4. Raman spectra are
recorded in backscattering geometry for excitation laser power of 3.65 mW.
Results
Fig. 8.7 shows the coupled LO phonon spectrum of vertically aligned as-grown Si-doped GaN
NWs for 3.65 mW laser excitation power. For comparison, Raman spectrum of an undoped
Figure 8.7 Raman spectra of vertically aligned undoped and doped GaN NWs recorded in
backscattering geometry for excitation laser power of 3.65 mW. The inset shows a fitting
curve for Si-doped GaN NWs by line shape analysis.
sample is also included in the figure. As a result of Si doping, the L+ mode is displayed
at 749.3 cm−1, thus shifted by 9.9 cm−1 as compared to undoped GaN NWs (739.4 cm−1).
The broad peak centered at 723 cm−1 is ascribed to the SO mode, which is upshifted by
20 cm−1 as compared to undoped NWs. The inset of Fig. 8.7 shows the comparison of the
experimental and fitted line shape curve of the L+ mode for doped GaN NWs.
Discussion
The line shape analysis model has been used for the determination of doping levels in Si-
doped GaN NWs. By fitting with the Eqn. (6.3), ωp and γ are found to be 328 and 2841
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cm−1, respectively. The electron-plasmon damping, i.e. γ is several fold stronger than
that of undoped NWs (385 cm−1). The line shape and frequency of the L+ mode can
be correlated to an enhanced electron concentration due to Si-doping. The laser induced
lattice temperature for the excitation power of 3.65 mW is about 470 K. The estimated
donor concentration and mobility for the doped GaN NWs from Eqn. (6.4) and Eqn. (6.5)
are 1.3 × 1018 cm−3 and 15 cm2/V-s, respectively. As expected, Si-doping substantially
increases the donor concentration of intentionally doped wires and decreases the electron
mobility.
Conclusion
The line shape analysis of Raman scattering from Si-doped GaN NWs has been implemented
to measure some electrical properties. The donor concentration and mobility for the doped
GaN NWs are 1.3 × 1018 cm−3 and 15 cm2/V-s, respectively. These results are consistent
while comparing with the undoped GaN NWs.
8.2 Doping in InN Nanowires
The effect of Si on the morphology of InN NWs will be discussed here at the beginning of
the section. Their optical properties will also be dealt very briefly at the end.
8.2.1 Growth Morphology
As already discussed in Sec. 8.1.1, Si acts as anti-surfactant for GaN NWs. Similar behavior
is also observed in InN NWs doped with Si as will be discussed in this section. The effects
of other growth parameters on NW morphology at constant Si flux will also be studied.
Experiment
The growth parameters of Si-doped InN NW samples investigated here are listed in Table 8.3.
The growth morphology of Si-doped NWs has been investigated at different Si flux (ΦSi),
growth temperature (Tsub) as well as In flux (ΦIn). A nitrogen flux of ΦN = 4.0 sccm and
a forward power of PRF = 500 W of the rf plasma cell have been used for all the samples.
Table 8.3 Growth parameters of Si-doped InN NW samples at various growth conditions.
For the samples NC305, NC315 and NC316, only ΦSi is varied whereas Tsub and ΦIn are
kept constant. The growth morphology at different ΦIn has also been studied at higher Tsub
and ΦSi (NC319 and NC335). The growth duration is 120 min for all the samples.
Sample Sub. Temp., Tsub In Flux, ΦIn Si Flux, ΦSi
( C) (× 10−8 mbar) (× 10−9 mbar)
NC305 475 3.9 -
NC315 475 3.9 2.0
NC316 475 3.9 5.8
NC320 490 3.9 -
NC319 490 3.9 5.8
NC335 490 1.2 5.8
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Results
SEM images of InN NW samples both undoped and doped with Si grown at constant Tsub
and ΦIn are shown in Fig. 8.8. NW morphology as well as the density have changed with
(c)(b)(a)
Figure 8.8 Cross-sectional SEM images showing InN NWs both (a) undoped (NC305)
and doped with different ΦSi of (b) 2.0 × 10−9 mbar (NC315) and (c) 5.8 × 10−9 mbar
(NC316). Other parameters such as Tsub and ΦIn are always kept at 475 C and 3.9 × 10−8
mbar, respectively.
different ΦSi. That is, the density decreases with the increase of Si flux.
Effects of Si doping on InN NWs grown at higher temperature are shown in Fig. 8.9.
A set of samples has been grown at different ΦIn but at constant ΦSi. Undoped InN NWs
(a) (b) (c)
Figure 8.9 SEM micrographs showing (a) undoped (NC320) and doped InN NWs with
ΦIn of (b) 3.9 × 10−8 mbar (NC319) and (c) 1.2 × 10−8 mbar (NC335). ΦSi and Tsub are
always kept constant at 5.8 × 10−9 mbar and 490 C, respectively.
grown at higher growth temperature are shown in Fig. 8.9(a). However, NW morphology
can be retained again when the same sample is doped with Si keeping ΦIn constant (cf.
Fig. 8.9b). The density does not change so significantly when these doped wires are grown
at different ΦIn as can be seen in Fig. 8.9(b,c) and Fig. 8.10(a). Only the size distribution
varies with flux (cf. Fig. 8.10b).
Discussion
Similar to Sec. 8.1, the surface morphology of InN NWs is changed due to Si doping. At
lower ΦSi (NC315), the density is reduced a little as compared to undoped sample (NC305).
Further increase of ΦSi (NC316) leads to further reduction of density. This could be due to
the formation of Si3N4 on the surface, which hinders further nucleation of new wire. Some
broadening almost at the top and middle part of the wire is visible although the tapering
is not suppressed completely (cf. Fig. 8.8c). Although both GaN and InN NWs are grown
under nitrogen-rich conditions, Si doping effects between them can not be directly compared
because of different thermodynamic behavior involved in the growth process.
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Figure 8.10 (a) Density and (b) size distribution of Si-doped InN NWs for NC319 and
NC335.
Another interesting results are observed while looking at the SEM images in Fig. 8.9.
InN is usually disassociated at a temperature of 490 C (cf. Fig. 8.9a). In contrast, the
incorporation of Si retains the NW morphology as shown in Fig. 8.10(b,c). There is no
significant change in density for the doped wires at different ΦIn (cf. Fig. 8.10a), only the
size changes (cf. Fig. 8.10b). For Si-doped InN sample grown at higher ΦIn (NC319), a
broadening at the top can be visible similar to Si-doped GaN NW (cf. Fig. 8.9b). However,
more uniformity is seen for the sample at lower ΦIn (NC335), only the length and diameter
change due to different flux as expected (cf. Fig. 8.9c and Fig. 8.10b).
Conclusion
The morphology as well as the density of InN wires change with Si doping. Even at higher
temperature, it is possible to obtain NWs with good morphology. Further tuning of various
parameters will further help to attain the desired morphology.
8.2.2 Photoluminescence Results
InN NW morphology has changed due to the effects of Si as explained in the previous
section. PL measurements have been performed to investigate their optical properties.
Experiment
InN NW samples (NC315 and NC316) doped with Si have been listed on Table 8.3. PL
experimental setup can be found in Sec. 7.2. The measurement has taken place at 5 K with
a laser power of 12 mW.
Results and Discussion
Normalized PL spectra of Si-doped InN NWs are shown in Fig. 8.11. While comparing with
the undoped sample NC305 in Sec. 7.2, doped InN NW samples show blue-shifted energy
and broader peak. NC315 with ΦSi of 2.0 × 10−9 mbar shows peak position at 822 meV
with FWHM of 108.5 meV. For higher ΦSi of 5.8 × 10−9 mbar, the peak broadens further
and almost disappears. On the contrary, undoped NC305 shows the peak at 794.2 meV with
FWHM of 68.6 meV (cf. Sec. 7.2). This implies that the doping concentration effectively
leads to a blue-shift with higher FWHM value. This is clearly seen in NC315. The doping
concentration is further enhanced in NC316, which has the highest Si flux. The density of
NW in sample NC316 is lower and the wires are shorter as compared to sample NC315.
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Figure 8.11 Normalized PL spectra of Si-doped InN NW samples.
So non-radiative recombination at the Si/InN NW interface can not be avoided. All these
results suggest that the background carrier concentration has increased with the increase of
Si flux.
Conclusion
Optical properties of Si-doped InN NW have been investigated by PL spectroscopy. It has
been found that the carrier concentration has been increased with the increase of Si flux. The
main peak broadens due to the fluctuation of doping concentration as compared to undoped
sample. At very high doping concentration, the peak starts to disappear. Although well
isolated and uniform NWs can be grown with Si doping, however the crystal quality degrades
at very high doping concentration.
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GaN Nanodots
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In this chapter, self-assembling GaN nanodots (NDs) grown on Si(111) substrates by a
droplet nucleation method using PAMBE will be discussed. The substrate temperature has
been used to vary the size and density of the dots fabricated with constant Ga flux. NDs are
characterized by AFM, HRTEM and XPS.
9.1 Growth Morphology and Mechanism
S
elf-assembled nanocrystals or NDs of III–Nitride semiconductors have attracted
great attention because of their potential applications in next generation electronic
[159] and optoelectronic devices [160]. For example, GaN-based quantum dots (QDs)
with high quality are very promising for device application to fabricate QD lasers, vertical
cavity surface emitting lasers, ultra-violet light emitter lasers etc. [160]. Most of these
low-dimensional nanostructures are fabricated by self-organizing processes in a Stranski-
Krastanov growth mode with random distribution of sizes. An alternative approach for
growing NDs by MBE based on a droplet-induced technique has been demonstrated for
GaAs using Ga droplets irradiated by As [161]; Ga droplet pre-deposition and subsequent
nitridation result in a formation of GaN dots [159, 162]. In order to be able to control the
density, shape and size of the obtained GaN nanostructures, it is important to understand
the Ga droplet and GaN dot formation. In this section, we present careful studies of GaN
dot formation driven by Ga droplets obtained at different substrate temperature. Their
shape, crystalline quality and surface distribution have been investigated.
Experiment
Droplet-epitaxy is carried out in a rf PAMBE system. After thermal cleaning of Si(111)
substrates, Ga metal is deposited at substrate temperatures varied between 514 C to 640 C
for 30s with a Ga flux of 8.7 × 10−8 mbar followed by nitridation with a nitrogen plasma
source operating at ΦN = 4.0 sccm and rf forward power of PRF = 500 W to form GaN
dots. The morphology and density of Ga droplets as well as the grown dots are investigated
ex-situ by AFM. For HRTEM imaging, a JEOL 3000F microscope operated at 300 KV is
used.
Results
AFM images of Ga droplets and GaN NDs obtained at different substrate temperatures are
shown in Fig. 9.1. One can see that the diameter of the droplets increases with the increase
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Figure 9.1 AFM images of (a) Ga droplets deposited for 30s and (b) GaN NDs nitridated
for 4 min at different growth temperatures shown in the inset. Scan area is 5 × 5 μm2.
Figure 9.2 Diameter distribution of Ga droplets and GaN NDs analyzed from the AFM
images of Fig. 9.1 for different deposition temperatures: (a) 514 C, (b) 580 C and (c) 640 C.
of substrate temperature, whereas the density decreases for both the droplets and dots. The
diameter histograms obtained by the AFM analysis of Fig. 9.1 are shown in Fig. 9.2.
At low deposition temperature of 514 C, there is a bi-modal Ga droplet distribution,
i.e. a distribution of large droplets along with many small droplets is observed as shown
in Fig. 9.1(a) and Fig. 9.2(a). The peak values of the diameter distribution for small
and large droplets in Fig. 9.2(a) are 70 nm and 170 nm, respectively. GaN dots obtained
by nitridation of droplets at 514 C have approximately the same diameter as the smaller
droplets (cf. Fig. 9.2a). The droplets obtained at higher deposition temperatures have
mono-modal diameter distribution and the most-probable diameter is increased with an
increase of the deposition temperature (cf. Fig. 9.2b and Fig. 9.2c). The peak diameter of
Ga droplets increases up to 310 nm at 640 C while for GaN dots, it decreases slightly (65
nm) at 580 C and then increases above 100 nm at 640 C.
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The height of droplets is well correlated with their diameter. Using the AFM diameter-
height data, the volume of the individual droplets can be evaluated and then an equivalent
thickness of deposited Ga film can be estimated. The droplet shape is assumed to be a
Figure 9.3 (a) Equivalent droplet and dot thickness and (b) density of Ga droplets and
GaN NDs as function of deposition temperature.
spherical calotte. In spite of a large variation of diameter and density with the deposition
temperature, the equivalent thickness is found to be almost constant, about 3 nm as shown
in Fig. 9.3(a).
The nitridation of Ga droplets starts immediately after Ga deposition and freezes some-
how the motion of droplets by forming solid GaN clusters in early stages of their evolution.
That is the case of the low deposition temperature (514 C and 580 C) in Fig. 9.1 when GaN
dots reflect the initial density of the droplets with higher density and smaller diameter.
At high temperature (640 C), a strong surface diffusion results in a rapid formation of
bigger and low density droplets, which are obtained in a shorter time, comparable with the
nitridation time and the dot density becomes equal to the droplet density and even smaller
as shown in Fig. 9.3(b). It is not clear why the dot density is lower than the droplets at high
deposition temperature. Probably, a ripening process during the nitridation still continues,
which may explain the density differences. Droplets, which are very close to each other, may
interact and form single GaN dot. Additional experiments have shown that for a particular
growth temperature, GaN dots morphology does not change at different nitridation times
within the range 1 – 30 min, corresponding to a relative fast process. However, the calculated
volume of GaN dots gives a large discrepancy with the volume of Ga droplets and shows a
constant decrease of the equivalent thickness as a function of the deposition temperature (cf.
Fig. 9.3a). The volume is calculated assuming a cylindrical shape for GaN dots. This is an
upper estimation of the volume because the dots might not be exactly cylindric. Moreover,
the AFM tip with a radius of 8 – 10 nm adds an error in the estimation of diameter. But
the big difference between the droplets volume and that of the resulted dots is too large
to be attributed to those errors. It results that the dot formation process is not a simple
transformation of Ga droplets into GaN dots and additional phenomena like surface diffusion
and/or formation of a wetting layer may play a role as will be discussed later.
In order to study the effects of nitridation time on the surface morphology of these dots,
a set of samples is nitridated for different duration and their AFM images are shown in
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Figure 9.4 Magnified AFM image of a single GaN ND with rough background. The growth
temperature is 640 C and scan area is 1 × 1 μm2.
Fig. 9.5. To confirm the chemical stability of the dots, these samples have been etched with
HCl (37%) and water with 1:2 ratio, respectively for the duration of 2 min and 10 min (cf.
Fig. 9.6).
(a) (b)
Figure 9.5 Surface morphology of GaN nanodots for (a) 2 min and (b) 6 min nitridation
time. The growth temperature is 514 C and Ga droplet deposition time is 30s. Scan area
is 2.5 × 2.5 μm2.
HRTEM imaging is performed in order to investigate the shape of GaN NDs and their
distribution on the sample surface as well as their crystallinity. In Fig. 9.7, images of
NDs deposited at 580 C and nitridated for 4 min are shown. The NDs form a dense layer
consisting of (i) a rough “wetting” layer with clusters of small GaN dots (cf. Fig. 9.7a)
as well as relatively flat regions of a few atomic layers (cf. Fig. 9.7b) and (ii) larger and
well-separated faceted GaN dots. These well-defined dots with the height of 15 – 20 nm
have different shapes as shown in Figs. 9.7(c–e) with a zoom in Fig. 9.7(e) to show their
good crystallinity.
Discussion
The evolution of droplet formation has been explained theoretically elsewhere [163] in terms
of nucleation, coalescence, and ripening processes. In our case, we can explain the differ-
ence between size distribution of droplets deposited at the same temperature by a ripening
process of the droplets during cooling down of the samples for relatively longer time. At
low temperature (514 C and 580 C), Ga droplets are formed with high density and smaller
size. For high substrate temperature (640 C), a ripening of the Ga droplets occurs by Ga
surface diffusion and smaller droplets merge together into bigger one for a reduction of the
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(a)
(b)
t = 2 minHCl t = 10 minHCl
Figure 9.6 The effects of HCl:H2O (1:2) on GaN NDs with different duration (tHCl). AFM
images of (a) Fig. 9.5(a) and (b) Fig. 9.5(b) after treated them with HCl solution for 2 min
and 10 min, respectively. Scan area is 2 × 2 μm2.
free surface energy. The droplets spend enough time at high temperature and coalescence
occurs. Their diameter increases but the density decreases reflecting a strong ripening effect.
The nitridation process of dense Ga droplets at lower temperature competes against the
ripening of droplets. An additional evolution of already formed GaN clusters can not be
excluded. It seems that during nitridation, GaN is formed from Ga droplets and N adatoms,
but also a diffusion of the specimens outside of the droplet regions on the Si surface to form
smaller GaN dots and a wetting layer containing small GaN clusters should be taken into
account. Thus the consumption of Ga by the formation of smaller dots and GaN clusters
might explain the big difference between the volume of Ga droplets and the resulted GaN
dots. A broad distribution of smaller dots is indeed observed and not a distinct limit between
them and the wetting layer can be detected. A zoom image of well formed GaN dot and the
background rough surface after nitridation at 640 C is shown in Fig. 9.4. The interpretation
of the results based on the formation of GaN dots and wetting layer is in agreement with
the results published on GaAs/Al0.3Ga0.7As droplet-induced dots [164]. However, further
investigations will be necessary to elucidate completely the phenomena involved in droplet-
induced GaN dot formation. It must be noted here that the experiment is carried out
for specific growth conditions using a constant Ga flux for all the investigated samples.
Changing the growth parameters, especially Ga flux is likely to change the morphology of
the NDs in terms of size and density. Similar phenomenon has been reported earlier for the
fabrication of GaN dot structures by droplet-epitaxy using NH3 [165].
It has been found that if the nitridation time is increased from 2 min to 6 min, there
is no considerable change in sizes and density of the nanocrystals (cf. Fig. 9.5). It seems
that size or density of GaN dots does not change with the increase of nitridation time. In
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Figure 9.7 HRTEM images of GaN NDs deposited at 580 C. A rough wetting layer along
with some defects as well as good crystallinity of the dots are visible.
addition, the dots are chemically stable after dipping into HCl solution for up to 10 min (cf.
Fig. 9.8). It is evident from the AFM images that the dots are chemically stable giving an
insight that Ga droplets are well nitridated to form GaN nanodots. Further details about
the nitridation effects will be discussed in Sec. 9.2.
As shown in HRTEM images of Fig. 9.7, many of these dots show a good crystalline struc-
ture with c-axis approximately perpendicular to the substrate. In Fig. 9.7(d), a coalescence
of two dots has resulted in a bending of the atomic planes. An uniform crystalline structure
is revealed by the dot shown in Fig. 9.7(e) with a zoom in the inset. It is worth mentioning
that an interface layer (1 – 2 nm thick) is observed between GaN and Si substrates, due to
possible nitridation of Si substrate, similarly observed in a normal catalyst-free growth of
GaN nanowires [127].
Conclusion
Self-assembled GaN NDs have been fabricated on Si(111) by droplet-induced MBE. Ga
droplets are formed initially on the substrate and they are nitridated at a later stage in
UHV environment to form dot structures. By changing the growth temperature within the
range of 514 – 640 C at a fixed Ga coverage, the dot density can be varied more than one
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order of magnitude. This phenomenon is more significant at higher growth temperature at
which the density of NDs decreases. HRTEM investigation reveals well-separated crystalline
GaN dots with different shapes and the height of 15 – 20 nm. In between dots, a “wetting”
layer consisting in a dense agglomeration of GaN small nanocrystals is observed. The c-axis
of NDs is preferentially oriented perpendicular to the substrate. These results suggest that
droplet-epitaxy by MBE is a useful method for the fabrication of NDs with different size
and density.
9.2 Surface Spectroscopy
Composition of the self-assembled GaN NDs grown by droplet-epitaxy method as discussed
in previous Sec. 9.1 can be determined by surface spectroscopy method, namely XPS.
Experiment
XPS measurements are performed using PHI XPS 5600 with Mg-Kα (1253.6 eV) as an
excitation source. In addition, Ar+ sputtering is performed for 30s at 1 kV in order to
remove surface contaminations after exposure to air.
Results
The XPS survey spectra have been performed to investigate the changes of surface com-
position of different samples (cf. Fig. 9.8). In order to compare the degree of nitridation
Figure 9.8 XPS survey spectra taken at different nitridation time up to 30 min. The
substrate temperature is kept at 514 C for all the samples. The top spectrum corresponds
to a standard MOVPE-grown GaN sample for comparison. Various peaks can be visible.
The inset shows the surface related Si-peak for all the samples, which almost diminishes
during nitridation process due to a spreading mechanism of Ga.
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of GaN dots, a standard GaN sample (3 μm thickness) grown by MOVPE has also been
investigated. Substrate related Si-2p peak is visible in Ga-droplet sample at 99.3 eV apart
from prominent Ga peaks (Ga-3d, Ga-2p, Ga-3p, Ga-LMM), oxygen and carbon related
peaks.
To calibrate the spectra, N-1s at 397.6 eV of the MOVPE GaN sample is taken as
reference without applying any charging correction. The spectra are corrected subse-
quently based on this N-peak position and no correction is applied to Ga droplet sample.
The peak shape analysis is carried out by using the UNIFIT software [166] and assum-
ing Gaussian-Lorentzian convolution-type model peak shape. Background is corrected by
Shirley’s method [167].
Fig. 9.9 shows the Ga-3d and Ga-2p3/2 for all the samples. We have to note that the
inelastic mean-free path (IMFP) of electrons in the film depends on the kinetic energy of
Figure 9.9 (a) Ga-3d and (b) Ga-2p XPS core-level spectra recorded during different ni-
tridation time. All the spectra have been normalized after background subtraction. Dashed
lines are guides for eye in order to visualize the binding energies of various chemical com-
ponents. The top curve in both figures corresponds to the standard GaN MOVPE-grown
sample.
photoelectron. So the surface sensitivity in XPS depends on the IMFP. Signals observed in
a XPS spectrum at different energy positions correspond to different surface sensitivities.
For example, the IMFP values of Ga-2p and Ga-3d in Ga during Mg-Kα radiation are 0.63
and 2.7 nm, respectively and for GaN, they are 0.55 and 2.2 nm, respectively [168]. It means
that Ga-3d spectrum is bulk-sensitive as compare to Ga-2p, which is surface sensitive.
Discussion
The presence of Ga and Si peaks confirms the formation of metallic Ga droplets on Si
substrate (cf. Fig. 9.8). The detection limit of our technique does not allow to evaluate
the presence of an eventual metallic layer in between the droplets. Si-2p peak is almost
suppressed for the nitridated samples (inset of Fig. 9.8) and it seems that a redistribution
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of Ga has taken place, similar to GaN nucleation on SiC [168]. The N-1s peak gradually
develops for increasing nitridation time.
In Fig. 9.9(a), the Ga-3d spectrum of a Ga droplet sample (see the AFM image in
Fig. 9.1a) has a peak at 18.5 eV, which corresponds to Ga metal. Another large peak
observed at 21 eV can be attributed to oxidized Ga due to surface oxidation by post-
deposition exposure to air. For MOVPE-grown GaN sample (top curve in Fig. 9.9a), only
one Ga-3d peak at 20 eV is visible, which is due to GaN. This can be used as a reference to
compare the GaN ND samples obtained at different nitridation time. The Ga-3d core level
spectra of all the GaN NDs samples nitridated from 1 to 30 min show also only the GaN
peak at 20 eV, but the lines are broader than for MOVPE sample, more pronounced at the
higher energy tail. Insignificant changes of Ga-3d spectrum can be detected for nitridation
duration within the range 1 – 30 min. If the increase of high energy tail is attributed to a
small amount of Ga oxide component in GaN NDs using the deconvolution results, then a
stoichiometry ratio Ga/N of about 1.1 can be evaluated, very close to that of stoichiometric
GaN.
The Ga-2p spectra displayed in Fig. 9.9(b) for the Ga droplet sample, due to more
surface character of this signal, provide only the peak at 1119 eV corresponding to Ga-oxide
formed by post-deposition exposure to air of the droplets, the Ga metal peak of the droplet
bulk is not detected. Similar to the Ga-3d spectra, GaN NDs and GaN MOVPE samples
show only one Ga-2p peak at 1118 eV. The peak is slightly shifted about 0.2 eV at higher
energy for GaN NDs and broadened more pronouncedly to the high energy tail relative to
the MOVPE sample, again suggesting a small amount of Ga-O bonds, which may result
from a slight deviation from the stoichiometry in case of NDs.
Conclusion
XPS data show that Ga droplets are transformed into GaN NDs spread over the sample
surface. During nitridation process, Si signal is suppressed and this confirms that a spreading
mechanism takes place to form a GaN wetting layer on Si, which further justifies the HRTEM
results of the previous section. No significant change of the GaN composition for nitridation
duration in the range 1 – 30 min has been detected. Finally, the deconvolution results show
the Ga/N stoichiometry ratio to be close to that of stoichiometric GaN.
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Conclusions and Outlook
III
-Nitride NWs (GaN and InN) have been grown on different substrates by
plasma-assisted Molecular Beam Epitaxy (PAMBE). It has been found that
the change of growth parameters (e.g. III–V ratio, growth temperature etc.)
greatly influences the morphology of NWs. Nitrogen-rich condition is necessary to have
columnar growth for both GaN and InN NWs as the surface diffusivity is reduced and
the anisotropic growth is initiated. In case of GaN NWs, this nitrogen-rich condition has
been achieved by increasing the growth temperature, which enhances the Ga desorption
or reducing the Ga flux and as a result, III–V ratio is reduced. GaN NWs grown on dot
templates become longer as compared to the direct growth on Si(111) and this is due to
the reduction of nucleation time. Also, all the wires have uniform length and are vertically
aligned with the substrate. Columnar growth also takes place on Si(100) and even on SiO2
substrates apart from Si(111), which has been normally used. The scenario is different for
InN NWs as the growth takes place at comparatively lower temperature. An increase of the
growth temperature will enhance the dissociation of InN due to the evaporation of nitrogen.
That is why, a special attention has been paid for InN growth.
A systematic analysis is carried out to understand the nucleation process. The density
of the wires increases with time until it saturates. A long incubation time indeed results as
each wire has different nucleation time. A linear relationship between length and diameter
has been established for the well-nucleated wires in the nucleation stage, which helps to
estimate the critical diameter for the nucleation cluster. Growth modeling of NWs has
been performed by taking into account two different growth mechanism: one is the direct
impingement, which is independent of the diameter of the wire and the other is diffusion-
induced (D-I) contribution in which the adatoms are adsorbed on the substrate or wire
surface and diffuse along the sidewalls to the top of the wire. A simple diffusion model is
implemented which gives a reciprocal relationship between length and diameter for the final
growth, i.e. diffusion dominates for thinner wires. Further experimental evidence shows no
droplets on the top of NW and growth interruption or fabrication of heterostructures with
sharp interfaces confirms that vapor-liquid-solid (VLS) mechanism is not responsible for the
growth.
Optical properties of both GaN and InN give evidence of good crystalline quality NWs.
Particularly, higher growth temperature or lower Ga flux is necessary for GaN NWs for
good quality. Growth parameters for InN have been optimized for obtaining good optical
properties. A lower bandgap of InN NWs has also been determined, which agrees with
the recent literature value of high quality InN films. Raman scattering measurements have
been performed to calculate the carrier concentration and mobility of GaN wires. TEM
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results show the formation of an amorphous silicon nitride wetting layer on the substrate
surface during the growth of GaN NW and small GaN crystalline clusters on the top of
the interface amorphous layer. Lattice constants determined from the TEM results show
the wurtzite (WZ) structure comparable with the literature values and high quality GaN
and InN NWs. Doping by Si or Mg greatly changes the morphology of NWs. By tuning
the growth parameters, the size and density of the doped wires can be controlled. Optical
measurements give evidence of incorporation of dopants rather than their segregation on
the surface.
Finally, GaN nanodots (NDs) have been successfully fabricated by droplet-epitaxy tech-
nique in MBE. The sizes of these droplets have been varied by changing the growth tempera-
ture. TEM investigation reveals the formation of crystalline dots as well as a “wetting” layer
of GaN on Si(111). Surface spectroscopy measurement further confirms that a spreading
mechanism takes place during nitridation process to form GaN wetting layer and estimates
the GaN composition.
10.1 Outlook
The growth mechanism of GaN NWs has been explained with the help of a diffusion model
and almost similar diameter and length distribution has been observed for InN in a particular
growth condition. This gives scopes to improve the model further and understand the
growth mechanism of InN as well. Although GaN wires do not necessarily grow on dot
templates, they have fairly uniform sizes. Such longer wires can be useful to make contacts
more easily for electrical measurements and fabricate devices. In addition, a pre-growth
step influences the surface morphology and tuning their growth parameters can help to
control the wire density in the final growth. Growth of GaN NW takes place in a large
patterned area and it would be interesting to grow them selectively on a nanometer patterned
structure by properly choosing the growth parameters. InN NWs have been successfully
grown on Ge(111) for the first time, which might be promising for photovoltaic applications.
Although GaN and InN have different growth parameters, there are possibilities to fabricate
InGaN NW structures for device application. Fabrication of a p-n junction diode is another
promising task. As the doping can influence the density of wires, these effects can be utilized
to fabricate core-shell structures.
Bibliography
[1] E. Calleja, M. A. Sa´nchez-Garc´ıa, F. J. Sa´nchez, F. Calle, F. B. Naranjo, E. Mu˜noz,
U. Jahn, and K. Ploog, “Luminescence properties and defects in GaN nanocolumns
grown by molecular beam epitaxy,” Phy. Rev. B (Cond. Matt.), vol. 62, p. 16826,
2000.
[2] Z. Zhong, F. Qian, D. Wang, and C. M. Lieber, “Synthesis of p-type gallium nitride
nanowires for electronic and photonic nanodevices,” Nano Lett., vol. 3, no. 3, pp.
343–346, 2003.
[3] E. A. Stach, P. J. Pauzauskie, T. Kuykendall, J. Goldberger, R. He, and P. Yang,
“Watching GaN nanowires grow,” Nano Lett., vol. 3, no. 6, pp. 867–869, 2003.
[4] J. Grandal, M. A. Sanchez-Garcia, F. Calle, and E. Calleja, “Morphology and optical
properties of InN layers grown by molecular beam epitaxy on silicon substrates,” Phys.
Stat. Sol. (c), vol. 2, no. 7, pp. 2289–2292, 2005.
[5] T. Kuykendall, P. Ulrich, S. Aloni, and P. Yang, “Complete composition tunability
of InGaN nanowires using a combinatorial approach,” Nat. Mater., vol. 6, no. 12, pp.
951–956, 2007.
[6] K. Takahashi, A. Yoshikawa, and A. Sandhu, Wide Bandgap Semiconductors: Fun-
damental Properties and Modern Photonic and Electronic Devices. Springer-Verlag
New York, Inc., 2007.
[7] J. Miragliotta, D. K. Wickenden, T. J. Kistenmacher, and W. A. Bryden, “Linear and
nonlinear-optical properties of GaN thin films,” J. Opt. Soc. Am. B, vol. 10, no. 8, p.
1447, 1993.
[8] S. Adachi, Properties of Group-IV, III-V and II-VI Semiconductors. John Wiley &
Sons Ltd, England, 2005.
[9] H. Morkoc¸, Handbook of Nitride Semiconductors and Devices. Springer, 1999.
[10] http://www.ioffe.ru/SVA/NSM/.
[11] T. L. Tansley and C. P. Foley, “Optical band gap of indium nitride,” J. Appl. Phys.,
vol. 59, no. 9, pp. 3241–3244, 1986.
119
120 BIBLIOGRAPHY
[12] S. Montanari, “Fabrication and characterization of planar gunn diodes for monolithic
microwave integrated circuits,” Ph.D. dissertation, RWTH Aachen University, Ger-
many, 2004.
[13] V. Davydov, A. A. Klochikhin, R. P. Seisyan, V. V. Emtsev, S. V. Ivanov, F. Bech-
stedt, J. Furthmller, H. Harima, A. V. Mudryi, J. Aderhold, O. Semchinova, and
J. Graul, “Absorption and emission of hexagonal InN: Evidence of narrow fundamen-
tal band gap,” Phys. Stat. Sol. (b), vol. 229, no. 3, pp. r1–r3, 2002.
[14] I. Akasaki and H. Amano, “Breakthroughs in improving crystal quality of GaN and
invention of the pn junction blue-light-emitting diode,” Jpn. J. Appl. Phys., vol. 45,
pp. 9001–9010, 2006.
[15] H. Amano, N. Sawaki, I. Akasaki, and Y. Toyoda, “Metalorganic vapor phase epitaxial
growth of a high quality GaN film using an AlN buffer layer,” Appl. Phys. Lett., vol. 48,
no. 5, pp. 353–355, 1986.
[16] I. Akasaki, H. Amano, Y. Koide, K. Hiramatsu, and N. Sawaki, “Effects of AlN buffer
layer on crystallographic structure and on electrical and optical properties of GaN and
Ga1−xAlxN (0 < x ≤ 0.4) films grown on sapphire substrate by MOVPE,” J. Cryst.
Growth, vol. 98, no. 1-2, pp. 209–219, 1989.
[17] I. Akasaki, “Progress in crystal growth of nitride semiconductors,” J. Cryst. Growth,
vol. 221, no. 1-4, pp. 231–239, 2000.
[18] S. Nakamura, “GaN growth using GaN buffer layer,” Jpn. J. Appl. Phys., vol. 30(2),
no. 10A, p. L1705, 1991.
[19] N. Grandjean, M. Leroux, M. Laugt, and J. Massies, “Gas source molecular beam
epitaxy of wurtzite GaN on sapphire substrates using GaN buffer layers,” Appl. Phys.
Lett., vol. 71, no. 2, pp. 240–242, 1997.
[20] K. Wook, O. Aktas, A. E. Botchkarev, A. Salvador, S. N. Mohammad, and H. Morkoc¸,
“Reactive molecular beam epitaxy of wurtzite GaN: Materials characteristics and
growth kinetics,” J. Appl. Phys., vol. 79, no. 10, pp. 7657–7666, 1996.
[21] F. Semond, B. Damilano, S. Vezian, N. Grandjean, M. Leroux, and J. Massies, “GaN
grown on Si(111) substrate: From two-dimensional growth to quantum well assess-
ment,” Appl. Phys. Lett., vol. 75, no. 1, pp. 82–84, 1999.
[22] S. Iijima, “Helical microtubules of graphitic carbon,” Nature, vol. 354, no. 6348, pp.
56–58, 1991.
[23] H. J. Fan, P. Werner, and M. Zacharias, “Semiconductor nanowires: From self-
organization to patterned growth,” Small, vol. 2, no. 6, pp. 700–717, 2006.
[24] C. N. R. Rao, F. L. Deepak, G. Gundiah, and A. Govindaraj, “Inorganic nanowires,”
Prog. Solid State Chem., vol. 31, no. 1-2, pp. 5–147, 2003.
[25] B. Bhushan, Ed., Springer Handbook of Nanotech., 2nd ed. Springer Berlin Heidel-
berg, 2007.
BIBLIOGRAPHY 121
[26] Y. Qin, X. Wang, and Z. L. Wang, “Microfibre-nanowire hybrid structure for energy
scavenging,” Nature, vol. 451, no. 7180, pp. 809–813, 2008.
[27] A. I. Boukai, Y. Bunimovich, J. Tahir-Kheli, J. K. Yu, W. A. Goddard, and J. R.
Heath, “Silicon nanowires as efficient thermoelectric materials,” Nature, vol. 451, no.
7175, pp. 168–171, 2008.
[28] A. I. Hochbaum, R. Chen, R. D. Delgado, W. Liang, E. C. Garnett, M. Najarian,
A. Majumdar, and P. Yang, “Enhanced thermoelectric performance of rough silicon
nanowires,” Nature, vol. 451, no. 7175, pp. 163–167, 2008.
[29] R. S. Wagner and W. C. Ellis, “Vapor-liquid-solid mechanism of single crystal growth,”
Appl. Phys. Lett., vol. 4, no. 5, p. 89, 1964.
[30] K. Haraguchi, T. Katsuyama, K. Hiruma, and K. Ogawa, “GaAs p-n junction formed
in quantum wire crystals,” Appl. Phys. Lett., vol. 60, no. 6, pp. 745–747, 1992.
[31] Y. Cui, G. M. S. J. W. Lauhon L.J, and C. M. Lieber, “Diameter-controlled synthesis
of single-crystal silicon nanowires,” Appl. Phys. Lett., vol. 78, no. 15, pp. 2214–2216,
2001.
[32] Y. Cui and C. M. Lieber, “Functional nanoscale electronic devices assembled using
silicon nanowire building blocks,” Science, vol. 291, p. 851, 2001.
[33] M. H. Huang, S. Mao, H. Feick, H. Yan, Y. Wu, H. Kind, E. Weber, R. Russo, and
P. Yang, “Room-temperature ultraviolet nanowire nanolasers,” Science, vol. 292, no.
5523, pp. 1897–1899, 2001.
[34] L. Samuelson, “Self-forming nanoscale devices,” Materials Today, vol. 6, p. 22, 2003.
[35] Y. Wu and P. Yang, “Direct observation of vapor-liquid-solid nanowire growth,” J.
Am. Chem. Soc., vol. 123, no. 13, pp. 3165–3166, 2001.
[36] F. M. Ross, J. Tersoff, and M. C. Reuter, “Sawtooth faceting in silicon nanowires,”
Phys. Rev. Lett., vol. 95, no. 14, pp. 146 104–4, 2005.
[37] A. I. Persson, M. W. Larsson, M. S. Stenstro¨, B. J. Ohlsson, L. Samuelson, and
L. R. Wallenberg, “Solid-phase diffusion mechanism for GaAs nanowire growth,” Nat.
Mater., vol. 3, pp. 677–681, 2004.
[38] K. A. Dick, K. Deppert, T. Martensson, B. Mandl, L. Samuelson, and W. Seifert,
“Failure of the vapor-liquid-solid mechanism in Au-assisted MOVPE growth of InAs
nanowires,” Nano Lett., vol. 5, no. 4, pp. 761–764, 2005.
[39] H. J. Fan, F. Bertram, A. Dadgar, J. Christen, A. Krost, and M. Zacharias, “Self-
assembly of ZnO nanowires and the spatial resolved characterization of their lumines-
cence,” Nanotech., no. 11, p. 1401, 2004.
[40] H. Z. Zhang, Y. C. Kong, Y. Z. Wang, X. Du, Z. G. Bai, J. J. Wang, D. P. Yu, Y. Ding,
Q. L. Hang, and S. Q. Feng, “Ga2O3 nanowires prepared by physical evaporation,”
Solid State Comm., vol. 109, no. 11, pp. 677–682, 1999.
122 BIBLIOGRAPHY
[41] Z. Wang, X. Y. Kong, Y. Ding, P. Gao, W. L. Hughes, R. Yang, and Y. Zhang,
“Semiconducting and piezoelectric oxide nanostructures induced by polar surfaces,”
Adv. Funct. Mat., vol. 14, no. 10, pp. 943–956, 2004.
[42] J. D. Holmes, K. P. Johnston, R. C. Doty, and B. A. Korgel, “Control of thickness
and orientation of solution-grown silicon nanowires,” Science, vol. 287, no. 5457, pp.
1471–1473, 2000.
[43] T. Hanrath and B. A. Korgel, “Nucleation and growth of germanium nanowires seeded
by organic monolayer-coated gold nanocrystals,” J. Am. Chem. Soc., vol. 124, no. 7,
pp. 1424–1429, 2002.
[44] B. Postels, H. H. Wehmann, A. Bakin, M. Kreye, D. Fuhrmann, J. Blaesing,
A. Hangleiter, A. Krost, and A. Waag, “Controlled low-temperature fabrication of
ZnO nanopillars with a wet-chemical approach,” Nanotech., vol. 18, no. 19, 2007.
[45] J.-H. Choy, E. S. Jang, J. H. Won, J. H. Chung, D. J. Jang, and Y. W. Kim, “Soft solu-
tion route to directionally grown ZnO nanorod arrays on Si wafer; room-temperature
ultraviolet laser,” Adv. Mater., vol. 15, no. 22, pp. 1911–1914, 2003.
[46] X. W. Sun, J. Z. Huang, J. X. Wang, and Z. Xu, “A ZnO nanorod inorganic/organic
heterostructure light-emitting diode emitting at 342 nm,” Nano Lett., vol. 8, no. 4,
pp. 1219–1223, 2008.
[47] A. Umar, B. Karunagaran, S. H. Kim, E. K. Suh, and Y. B. Hahn, “Growth mech-
anism and optical properties of aligned hexagonal ZnO nanoprisms synthesized by
noncatalytic thermal evaporation,” Inorg. Chem., vol. 47(10), pp. 4088–4094, 2008.
[48] K.-K. Lew, C. Reuther, A. H. Carim, J. M. Redwing, and B. R. Martin, “Template-
directed vapor–liquid–solid growth of silicon nanowires,” J. Vac. Sci. Tech. B: Micro-
elect. Nano. Struct., vol. 20, no. 1, pp. 389–392, 2002.
[49] J. Choi, G. Sauer, K. Nielsch, R. B. Wehrspohn, and U. Go¨sele, “Hexagonally arranged
monodisperse silver nanowires with adjustable diameter and high aspect ratio,” Chem.
Mater., vol. 15, no. 3, pp. 776–779, 2003.
[50] J. Noborisaka, J. Motohisa, and T. Fukui, “Catalyst-free growth of GaAs nanowires
by selective-area metalorganic vapor-phase epitaxy,” Appl. Phys. Lett., vol. 86, no. 21,
pp. 213 102–3, 2005.
[51] J. Motohisa, J. Noborisaka, J. Takeda, M. Inari, and T. Fukui, “Catalyst-free selective-
area MOVPE of semiconductor nanowires on (111)b oriented substrates,” J. Cryst.
Growth, vol. 272, no. 1-4, pp. 180–185, 2004.
[52] P. Mohan, J. Motohisa, and T. Fukui, “Fabrication of InP/InAs/InP core-multishell
heterostructure nanowires by selective area metalorganic vapor phase epitaxy,” Appl.
Phys. Lett., vol. 88, no. 13, pp. 133 105–3, 2006.
[53] W. Han, S. Fan, Q. Li, and Y. Hu, “Synthesis of gallium nitride nanorods through a
carbon nanotube-confined reaction,” Science, vol. 277, no. 5330, pp. 1287–1289, 1997.
BIBLIOGRAPHY 123
[54] R. Meijers, T. Richter, R. Calarco, T. Stoica, H. P. Bochem, M. Marso, and
H. Lu¨th, “GaN-nanowhiskers: MBE-growth conditions and optical properties,” J.
Cryst. Growth, vol. 289, no. 1, p. 381, 2006.
[55] T. Kuykendall, P. J. Pauzauskie, Y. F. Zhang, J. Goldberger, D. Sirbuly, J. Denlinger,
and P. D. Yang, “Crystallographic alignment of high-density gallium nitride nanowire
arrays,” Nat. Mater., vol. 3, pp. 524–528, 2004.
[56] X. Duan and C. M. Lieber, “Laser-assisted catalytic growth of single crystal GaN
nanowires,” J. Am. Chem. Soc., vol. 122, no. 4, p. 188, 2000.
[57] C.-C. Chen, C.-C. Yeh, C.-H. Chen, M.-Y. Yu, H.-L. Liu, J.-J. Wu, K.-H. Chen, L.-C.
Chen, J.-Y. Peng, and Y.-F. Chen, “Catalytic growth and characterization of gallium
nitride nanowires,” J. Am. Chem. Soc., vol. 123, no. 12, pp. 2791–2798, 2001.
[58] H. W. Seo, S. Y. Bae, J. Park, H. Yang, K. S. Park, and S. Kim, “Strained gallium
nitride nanowires,” J. Chem. Phys., vol. 116, no. 21, pp. 9492–9499, 2002.
[59] H.-M. Kim, D. Kim, Y. Park, D. Kim, T. Kang, and K. Chung, “Growth of GaN
nanorods by a hydride vapor phase epitaxy method,” Adv. Mater., vol. 14, no. 13-14,
pp. 991–993, 2002.
[60] T. Stoica, R. Meijers, R. Calarco, T. Richter, and H. Lu¨th, “MBE growth optimization
of InN nanowires,” J. Cryst. Growth, vol. 290, no. 1, p. 241, 2006.
[61] T. Stoica, R. J. Meijers, R. Calarco, T. Richter, E. Sutter, and H. Lu¨th, “Photolumi-
nescence and intrinsic properties of MBE-grown InN nanowires,” Nano Lett., vol. 6,
no. 7, p. 1541, 2006.
[62] C. K. Chao, J. I. Chyi, C. N. Hsiao, C. C. Kei, S. Y. Kuo, H. S. Chang, and T. M.
Hsu, “Catalyst-free growth of indium nitride nanorods by chemical-beam epitaxy,”
Appl. Phys. Lett., vol. 88, no. 23, pp. 233 111–3, 2006.
[63] S. Vaddiraju, A. Mohite, A. Chin, M. Meyyappan, G. Sumanasekera, B. W.
Alphenaar, and M. K. Sunkara, “Mechanisms of 1D crystal growth in reactive va-
por transport: Indium nitride nanowires,” Nano Lett., vol. 5, no. 8, p. 1625, 2005.
[64] M. S. Gudiksen, L. J. Lauhon, J. Wang, D. C. Smith, and C. M. Lieber, “Growth
of nanowire superlattice structures for nanoscale photonics and electronics,” Nature,
vol. 415, p. 617, 2002.
[65] Y. Hu, J. Xiang, G. Liang, H. Yan, and C. M. Lieber, “Sub-100 nanometer channel
length Ge/Si nanowire transistors with potential for 2 THz switching speed,” Nano
Lett., vol. 8, no. 3, pp. 925–930, 2008.
[66] Q. Lai, Z. Li, L. Zhang, X. Li, W. F. Stickle, Z. Zhu, Z. Gu, T. I. Kamins, R. S.
Williams, and Y. Chen, “An organic/Si nanowire hybrid field configurable transistor,”
Nano Lett., vol. 8, no. 3, pp. 876–880, 2008.
124 BIBLIOGRAPHY
[67] G. M. Cohen, M. J. Rooks, J. O. Chu, S. E. Laux, P. M. Solomon, J. A. Ott, R. J.
Miller, and W. Haensch, “Nanowire metal-oxide-semiconductor field effect transistor
with doped epitaxial contacts for source and drain,” Appl. Phys. Lett., vol. 90, no. 23,
p. 233110, 2007.
[68] J. Goldberger, A. I. Hochbaum, R. Fan, and P. Yang, “Silicon vertically integrated
nanowire field effect transistors,” Nano Lett., vol. 6, no. 5, pp. 973–977, 2006.
[69] C. Thelander, L. E. Froberg, C. Rehnstedt, L. Samuelson, and L. E. Wemersson,
“Vertical enhancement-mode InAs nanowire field-effect transistor with 50-nm wrap
gate,” IEEE Elect. Dev. Lett., vol. 29, no. 3, pp. 206–208, 2008.
[70] H. A. Nilsson, T. Duty, S. Abay, C. Wilson, J. B. Wagner, C. Thelander, P. Delsing,
and L. Samuelson, “A radio frequency single-electron transistor based on an InAs/InP
heterostructure nanowire,” Nano Lett., vol. 8, no. 3, pp. 872–875, 2008.
[71] K. Jae-Ryoung, O. Hwangyou, S. Hye Mi, K. Ju-Jin, K. Jinhee, L. Cheol Jin, and
L. Seung Chul, “Schottky diodes based on a single GaN nanowire,” Nanotech., no. 5,
p. 701, 2002.
[72] X. Duan, Y. Huang, Y. Cui, J. Wang, and C. M. Lieber, “Indium phosphide nanowires
as building blocks for nanoscale electronic and optoelectronic devices,” Nature, vol.
409, no. 6816, pp. 66–69, 2001.
[73] V. Schmidt, H. Riel, S. Senz, S. Karg, W. Riess, and U. Go¨sele, “Realization of a
silicon nanowire vertical surround-gate field-effect transistor,” Small, vol. 2, no. 1, pp.
85–88, 2006.
[74] H. T. Ng, J. Han, T. Yamada, P. Nguyen, Y. P. Chen, and M. Meyyappan, “Sin-
gle crystal nanowire vertical surround-gate field-effect transistor,” Nano Lett., vol. 4,
no. 7, pp. 1247–1252, 2004.
[75] Y. Huang, X. Duan, Y. Cui, L. J. Lauhon, K.-H. Kim, and C. M. Lieber, “Logic gates
and computation from assembled nanowire building blocks,” Science, vol. 294, no.
5545, pp. 1313–1317, 2001.
[76] M. Im, J. W. Han, H. Lee, L. E. Yu, S. Kim, C. H. Kim, S. C. Jeon, K. H. Kim,
G. S. Lee, J. S. Oh, Y. C. Park, H. M. Lee, and Y. K. Choi, “Multiple-gate CMOS
thin-film transistor with polysilicon nanowire,” IEEE Elect. Dev. Lett., vol. 29, no. 1,
pp. 102–105, 2008.
[77] D. Tu, M. Liu, W. Wang, and S. Haruehanroengra, “Three-dimensional CMOL:
three-dimensional integration of CMOS/nanomaterial hybrid digital circuits,” Micro
& Nano Lett., vol. 2, no. 2, pp. 40–45, 2007.
[78] C. J. Gao and D. Hammerstrom, “Cortical models onto CMOL and CMOS - architec-
tures and performance/price,” IEEE Trans. Cir. Sys. I, vol. 54, no. 11, pp. 2502–2515,
2007.
[79] D. B. Strukov and K. K. Likharev, “Reconfigurable hybrid CMOS/nanodevice circuits
for image processing,” IEEE Trans. Nanotech., vol. 6, no. 6, pp. 696–710, 2007.
BIBLIOGRAPHY 125
[80] Y. X. Wang, Q. F. Zhang, H. Sun, Y. L. Chang, and J. L. Wu, “Fabrication of ZnO
nanowire-based diodes and their light-emitting properties,” Acta Phys. Sinica, vol. 57,
no. 2, pp. 1141–1144, 2008.
[81] A. Nadarajah, R. C. Word, J. Meiss, and R. Konenkamp, “Flexible inorganic nanowire
light-emitting diode,” Nano Lett., vol. 8, no. 2, pp. 534–537, 2008.
[82] T. H. Kim, S. Y. Lee, H. G. Kim, S. H. Kim, C. H. Hong, Y. B. Hahn, and S. K.
Lee, “Characteristics of dielectrophoretically aligned UV-blue GaN nanowire LEDs,”
J. Nanosci. Nanotech., vol. 8, no. 1, pp. 268–273, 2008.
[83] S. K. Lee, T. H. Kim, S. Y. Lee, K. C. Choi, and P. Yang, “High-brightness gallium
nitride nanowire UV-blue light emitting diodes,” Phil. Mag., vol. 87, no. 14-15, pp.
2105–2115, 2007.
[84] J. C. Johnson, H.-J. Choi, K. P. Knutsen, R. D. Schaller, P. Yang, and R. J. Saykally,
“Single gallium nitride nanowire lasers,” Nat. Mater., vol. 1, no. 2, pp. 106–110, 2002.
[85] H. G. Park, F. Qian, C. J. Barrelet, and Y. Li, “Microstadium single-nanowire laser,”
Appl. Phys. Lett., vol. 91, no. 25, 2007.
[86] J. C. Johnson, H. Yan, R. D. Schaller, L. H. Haber, R. J. Saykally, and P. Yang,
“Single nanowire lasers,” J. Phys. Chem. B, vol. 105, no. 46, pp. 11 387–11 390, 2001.
[87] Y. F. Gao, M. Nagai, T. C. Chang, and J. J. Shyue, “Solution-derived ZnO nanowire
array film as photoelectrode in dye-sensitized solar cells,” Cryst. Growth & Design,
vol. 7, no. 12, pp. 2467–2471, 2007.
[88] L. E. Greene, M. Law, B. D. Yuhas, and P. D. Yang, “ZnO-TiO2 core-shell
nanorod/P3HT solar cells,” J. Phys. Chem. C, vol. 111, no. 50, pp. 18 451–18 456,
2007.
[89] J. E. Boercker, E. Enache-Pommer, and E. S. Aydil, “Growth mechanism of titanium
dioxide nanowires for dye-sensitized solar cells,” Nanotech., vol. 19, no. 9, 2008.
[90] J. J. Wu, G. R. Chen, C. C. Lu, W. T. Wu, and J. S. Chen, “Performance and electron
transport properties of TiO2 nanocomposite dye-sensitized solar cells,” Nanotech.,
vol. 19, no. 10, 2008.
[91] M. Law, L. E. Greene, J. C. Johnson, R. Saykally, and P. Yang, “Nanowire dye-
sensitized solar cells,” Nat. Mater., vol. 4, no. 6, pp. 455–459, 2005.
[92] W. U. Huynh, J. J. Dittmer, and A. P. Alivisatos, “Hybrid nanorod-polymer solar
cells,” Science, vol. 295, no. 5564, pp. 2425–2427, 2002.
[93] B. Z. Tian, X. L. Zheng, T. J. Kempa, Y. Fang, N. F. Yu, G. H. Yu, J. L. Huang,
and C. M. Lieber, “Coaxial silicon nanowires as solar cells and nanoelectronic power
sources,” Nature, vol. 449, no. 7164, pp. 885–U8, 2007.
[94] G. Y. Zhao, C. L. Xu, and H. L. Li, “Pt-Ru nanowire arrayed electrodes for nitrite
detection,” Mater. Lett., vol. 62, no. 10-11, pp. 1663–1665, 2008.
126 BIBLIOGRAPHY
[95] U. Cvelbar, K. Ostrikov, A. Drenik, and M. Mozetic, “Nanowire sensor response to
reactive gas environment,” Appl. Phys. Lett., vol. 92, no. 13, 2008.
[96] L. Francioso, A. M. Taurino, A. Forleo, and P. Siciliano, “TiO2 nanowires array fab-
rication and gas sensing properties,” Sens. Actu. B-Chem., vol. 130, no. 1, pp. 70–76,
2008.
[97] L. Liao, H. B. Lu, M. Shuai, J. C. Li, Y. L. Liu, C. Liu, Z. X. Shen, and T. Yu,
“A novel gas sensor based on field ionization from ZnO nanowires: moderate working
voltage and high stability,” Nanotech., vol. 19, no. 17, 2008.
[98] S. J. Chang, T. J. Hsueh, C. L. Hsu, Y. R. Lin, I. C. Chen, and B. R. Huang, “A ZnO
nanowire vacuum pressure sensor,” Nanotech., vol. 19, no. 9, 2008.
[99] Y. J. Choi, I. S. Hwang, J. G. Park, K. J. Choi, J. H. Park, and J. H. Lee, “Novel
fabrication of an SnO2 nanowire gas sensor with high sensitivity,” Nanotech., vol. 19,
no. 9, 2008.
[100] Q. Wan, J. Huang, Z. Xie, T. H. Wang, E. N. Dattoli, and W. Lu, “Branched SnO2
nanowires on metallic nanowire backbones for ethanol sensors application,” Appl.
Phys. Lett., vol. 92, no. 10, 2008.
[101] Y. Cui, Q. Wei, H. Park, and C. M. Lieber, “Nanowire nanosensors for highly sensitive
and selective detection of biological and chemical species,” Science, vol. 293, no. 5533,
pp. 1289–1292, 2001.
[102] A. I. Hochbaum, R. K. Chen, R. D. Delgado, W. J. Liang, E. C. Garnett, M. Najarian,
A. Majumdar, and P. D. Yang, “Enhanced thermoelectric performance of rough silicon
nanowires,” Nature, vol. 451, no. 7175, pp. 163–U5, 2008.
[103] M. Hayashi, L. Thomas, R. Moriya, C. Rettner, and S. S. P. Parkin, “Current-
controlled magnetic domain-wall nanowire shift register,” Science, vol. 320, no. 5873,
pp. 209–211, 2008.
[104] R. L. Marson, B. K. Kuanr, S. R. Mishra, R. E. Camley, and Z. Celinski, “Nickel
nanowires for planer microwave circuit applications and characterization,” J Vac. Sci.
Tech. B, vol. 25, no. 6, pp. 2619–2623, 2007.
[105] http://www.hlphys.jku.at/fkphys/epitaxy/mbe.html.
[106] http://www.chm.bris.ac.uk/pt/diamond/stuthesis/chapter2.htm.
[107] A. G. Fitzgerald, “Selected lectures on analytical electron microscopy.” University
of Dundee, UK, 2002.
[108] http://www.chem.s.u-tokyo.ac.jp/users/struct/research/detail/DirectRamanMicro en.html.
[109] http://sahussain.wordpress.com/2007/11/03/can-we-see-the-atomic-dimension/.
[110] R. Calarco, M. Marso, T. Richter, A. I. Aykanat, R. Meijers, A. v. d. Hart, T. Stoica,
and H. Lu¨th, “Size-dependent photoconductivity in MBE-grown GaN nanowires,”
Nano Lett., vol. 5, no. 5, pp. 981–984, 2005.
BIBLIOGRAPHY 127
[111] M. A. Sa´nchez-Garc´ıa, E. Calleja, M. E., F. J. Sa´nchez, F. Calle, E. Mu˜noz, and
R. Beresford, “The effect of the III/V ratio and substrate temperature on the mor-
phology and properties of GaN- and AlN-layers grown by molecular beam epitaxy on
Si(111),” J. Cryst. Growth, vol. 183, pp. 23–30, 1998.
[112] L. Geelhaar, C. Cheze, W. M. Weber, R. Averbeck, H. Riechert, T. Kehagias,
P. Komninou, G. P. Dimitrakopulos, and T. Karakostas, “Axial and radial growth
of Ni-induced GaN nanowires,” Appl. Phys. Lett., vol. 91, no. 9, pp. 093 113–3, 2007.
[113] L. Largeau, D. L. Dheeraj, M. Tchernycheva, G. E. Cirlin, and J. C. Harmand, “Facet
and in-plane crystallographic orientations of GaN nanowires grown on Si(111),” Nan-
otech., no. 15, p. 155704, 2008.
[114] K. A. Bertness, A. Roshko, N. A. Sanford, J. M. Barker, and A. V. Davydov, “Spon-
taneously grown GaN and AlGaN nanowires,” J. Cryst. Growth, vol. 287, no. 2, p.
522, 2006.
[115] R. K. Debnath, R. Meijers, T. Richter, T. Stoica, R. Calarco, and H. Lu¨th, “Mech-
anism of molecular beam epitaxy growth of GaN nanowires on Si(111),” Appl. Phys.
Lett., vol. 90, no. 12, pp. 123 117–3, 2007.
[116] M. Tchernycheva, C. Sartel, G. Cirlin, L. Travers, G. Patriarche, J. C. Harmand,
D. Le Si, J. Renard, B. Gayral, L. Nevou, and F. Julien, “Growth of GaN free-
standing nanowires by plasma-assisted molecular beam epitaxy: structural and optical
characterization,” Nanotech., no. 38, p. 385306, 2007.
[117] R. Songmuang, O. Landre, and B. Daudin, “From nucleation to growth of catalyst-
free GaN nanowires on thin AlN buffer layer,” Appl. Phys. Lett., vol. 91, no. 25, pp.
251 902–3, 2007.
[118] V. V. Mamutin, “Growth of A3N whiskers and plate-shaped crystals by molecular-
beam epitaxy with the participation of the liquid phase,” Tech. Phys. Lett., vol. V25,
no. 9, pp. 741–744, 1999.
[119] L. E. Jensen, M. T. Bjo¨erk, S. Jeppesen, A. I. Persson, B. J. Ohlsson, and L. Samuel-
son, “Role of surface diffusion in chemical beam epitaxy of InAs nanowires,” Nano
Lett., vol. 4, no. 10, pp. 1961–1964, 2004.
[120] V. G. Dubrovskii, G. E. Cirlin, I. P. Soshnikov, A. A. Tonkikh, N. V. Sibirev, Y. B.
Samsonenko, and V. M. Ustinov, “Diffusion-induced growth of GaAs nanowhiskers
during molecular beam epitaxy: Theory and experiment,” Phys. Rev. B, vol. 71, p.
205325, 2005.
[121] L. Schubert, P. Werner, N. D. Zakharov, G. Gerth, F. M. Kolb, L. Long, U. Gosele,
and T. Y. Tan, “Silicon nanowhiskers grown on <111>Si substrates by molecular-
beam epitaxy,” Appl. Phys. Lett., vol. 84, no. 24, pp. 4968–4970, 2004.
[122] M. C. Plante and R. R. Lapierre, “Growth mechanisms of GaAs nanowires by gas
source molecular beam epitaxy,” J. Cryst. Growth, vol. 286, p. 394, 2006.
128 BIBLIOGRAPHY
[123] V. Ruth and J. P. Hirth, “Kinetics of diffusion-induced whisker growth,” J. Chem.
Phys., vol. 41, no. 10, p. 3139, 1964.
[124] J. Johansson, C. P. Svensson, T. Martensson, L. Samuelson, and W. Seifert, “Mass
transport model for semiconductor nanowire growth,” J. Phys. Chem. B, vol. 109, p.
13567, 2005.
[125] E. Calleja, J. Ristic´, S. Ferna´ndez-Garrido, L. Cerutti, M. A. Sa´nchez-Garc´ıa,
J. Grandal, A. Trampert, U. Jahn, G. Sa´nchez, A. Griol, and B. Sa´nchez, “Growth,
morphology, and structural properties of group-III-nitride nanocolumns and nan-
odisks,” Phys. Stat. Sol. (b), vol. 244, no. 8, pp. 2816–2837, 2007.
[126] J. B. Hannon, S. Kodambaka, F. M. Ross, and R. M. Tromp, “The influence of the
surface migration of gold on the growth of silicon nanowires,” Nature, vol. 440, no.
7080, pp. 69–71, 2006.
[127] T. Stoica, E. Sutter, R. J. Meijers, R. K. Debnath, R. Calarco, H. Lu¨th, and
D. Gru¨tzmacher, “Interface and wetting layer effect on the catalyst-free nucleation
and growth of GaN nanowires,” Small, vol. 4(6), no. 6, pp. 751–754, 2008.
[128] R. Meijers, “Growth and characterisation of group-III nitride-based nanowires for
devices,” Ph.D. dissertation, RWTH Aachen University, Germany, 2007.
[129] N. Thillosen, K. Sebald, H. Hardtdegen, R. Meijers, R. Calarco, S. Montanari,
N. Kaluza, J. Gutowski, and H. Lu¨th, “The state of strain in single GaN nanocolumns
as derived from micro-photoluminescence measurements,” Nano Lett., vol. 6, no. 4,
pp. 704–708, 2006.
[130] M. A. Reshchikov and H. Morkoc¸, “Luminescence properties of defects in GaN,” J.
Appl. Phys., vol. 97, no. 6, pp. 061 301–95, 2005.
[131] L. H. Robins, K. A. Bertness, J. M. Barker, N. A. Sanford, and J. B. Schlager, “Optical
and structural study of GaN nanowires grown by catalyst-free molecular beam epitaxy.
i. near-band-edge luminescence and strain effects,” J. Appl. Phys., vol. 101, no. 11,
pp. 113 505–8, 2007.
[132] E. R. Glaser, J. A. Freitas, B. V. Shanabrook, D. D. Koleske, S. K. Lee, S. S. Park,
and J. Y. Han, “Optically detected magnetic resonance of (effective-mass) shallow
acceptors in Si-doped GaN homoepitaxial layers,” Phys. Rev. B, vol. 68, no. 19, p.
195201, 2003.
[133] T. Paskova, B. Arnaudov, P. P. Paskov, E. M. Goldys, S. Hautakangas, K. Saarinen,
U. Sodervall, and B. Monemar, “Donor-acceptor pair emission enhancement in mass-
transport-grown GaN,” J. Appl. Phys., vol. 98, no. 3, pp. 033 508–8, 2005.
[134] M. Leroux, N. Grandjean, B. Beaumont, G. Nataf, F. Semond, J. Massies, and
P. Gibart, “Temperature quenching of photoluminescence intensities in undoped and
doped GaN,” J. Appl. Phys., vol. 86, no. 7, pp. 3721–3728, 1999.
BIBLIOGRAPHY 129
[135] J. Menniger, U. Jahn, O. Brandt, H. Yang, and K. Ploog, “Identification of optical
transitions in cubic and hexagonal GaN by spatially resolved cathodoluminescence,”
Phy. Rev. B, vol. 53, no. 4, p. 1881, 1996.
[136] M. A. Reshchikov, D. Huang, F. Yun, L. He, H. Morkoc¸, D. C. Reynolds, S. S. Park,
and K. Y. Lee, “Photoluminescence of GaN grown by molecular-beam epitaxy on a
freestanding gan template,” Appl. Phys. Lett., vol. 79, no. 23, pp. 3779–3781, 2001.
[137] C. Wetzel, W. Walukiewicz, E. E. Haller, J. Ager, I. Grzegory, S. Porowski, and
T. Suski, “Carrier localization of as-grown n-type gallium nitride under large hydro-
static pressure,” Phys. Rev. B, vol. 53, no. 3, p. 1322, 1996.
[138] M. V. Klein, B. N. Ganguly, and P. J. Colwell, “Theoretical and experimental study of
raman scattering from coupled LO-phonon-plasmon modes in silicon carbide,” Phys.
Rev. B, vol. 6, no. 6, p. 2380, 1972.
[139] T. Kozawa, T. Kachi, H. Kano, Y. Taga, M. Hashimoto, N. Koide, and K. Manabe,
“Raman scattering from lo phonon-plasmon coupled modes in gallium nitride,” J.
Appl. Phys., vol. 75, no. 2, pp. 1098–1101, 1994.
[140] H. Harima, “Properties of GaN and related compounds studied by means of raman
scattering,” J. Phys.: Cond. Matter, vol. 18, no. 38, pp. R967–R993, 2002.
[141] D. Wang, C. C. Tin, J. R. Williams, M. Park, Y. S. Park, C. M. Park, T. W. Kang,
and W. C. Yang, “Raman characterization of electronic properties of self-assembled
GaN nanorods grown by plasma-assisted molecular-beam epitaxy,” Appl. Phys. Lett.,
vol. 87, no. 24, pp. 242 105–3, 2005.
[142] P. Perlin, J. Camassel, W. Knap, T. Taliercio, J. C. Chervin, T. Suski, I. Grzegory, and
S. Porowski, “Investigation of longitudinal-optical phonon-plasmon coupled modes in
highly conducting bulk GaN,” Appl. Phys. Lett., vol. 67, no. 17, pp. 2524–2526, 1995.
[143] H. Siegle, G. Kaczmarczyk, L. Filippidis, A. P. Litvinchuk, A. Hoffmann, and
C. Thomsen, “Zone-boundary phonons in hexagonal and cubic GaN,” Phys. Rev.
B, vol. 55, no. 11, p. 7000, 1997.
[144] H. W. Lo and A. Compaan, “Raman measurement of lattice temperature during pulsed
laser heating of silicon,” Phys. Rev. Lett., vol. 44, no. 24, p. 1604, 1980.
[145] G. Irmer, V. V. Toporov, B. H. Bairamov, and J. Monecke, “Determination of the
charge carrier concentration and mobility in n-gap by raman spectroscopy,” Phys.
Stat. Sol. (b), vol. 119, no. 2, pp. 595–603, 1983.
[146] W. Gotz, N. M. Johnson, C. Chen, H. Liu, C. Kuo, and W. Imler, “Activation energies
of Si donors in GaN,” Appl. Phys. Lett., vol. 68, no. 22, pp. 3144–3146, 1996.
[147] X. Q. Shen, T. Ide, S. H. Cho, M. Shimizu, S. Hara, H. Okumura, S. Sonoda, and
S. Shimizu, “Optical and electrical properties of GaN films with Ga-polarity grown
by radio-frequency plasma-assisted molecular beam epitaxy,” Proceedings of Inter-
national Workshop on Nitride Semiconductors - IPAP confernce series, vol. 1, pp.
162–165, 2000.
130 BIBLIOGRAPHY
[148] L. Cerutti, J. Ristic´, S. Ferna´ndez-Garrido, E. Calleja, A. Trampert, K. H. Ploog,
S. Lazic, and J. M. Calleja, “Wurtzite GaN nanocolumns grown on Si(001) by molec-
ular beam epitaxy,” Appl. Phys. Lett., vol. 88, no. 21, pp. 213 114–3, 2006.
[149] J. Neugebauer, T. K. Zywietz, M. Scheffler, J. E. Northrup, H. Chen, and R. M.
Feenstra, “Adatom kinetics on and below the surface: The existence of a new diffusion
channel,” Phys. Rev. Lett., vol. 90, no. 5, p. 056101, 2003.
[150] R. R. Lieten, S. Degroote, K. Cheng, M. Leys, M. Kuijk, and G. Borghs, “Growth of
GaN on Ge(111) by molecular beam epitaxy,” Appl. Phys. Lett., vol. 89, no. 25, pp.
252 118–3, 2006.
[151] E. Trybus, G. Namkoong, W. Henderson, S. Burnham, W. A. Doolittle, M. Cheung,
and A. Cartwright, “InN: A material with photovoltaic promise and challenges,” J.
Cryst. Growth, vol. 288, no. 2, pp. 218–224, 2006.
[152] E. Trybus, G. Namkoong, W. Henderson, W. A. Doolittle, R. Liu, J. Mei, F. Ponce,
M. Cheung, F. Chen, M. Furis, and A. Cartwright, “Growth of InN on Ge substrate
by molecular beam epitaxy,” J. Cryst. Growth, vol. 279, no. 3-4, pp. 311–315, 2005.
[153] S. Tanaka, M. Takeuchi, and Y. Aoyagi, “Anti-surfactant in III-nitride epitaxy quan-
tum dot formation and dislocation termination,” Jpn. J. Appl. Phys., vol. 39, pp.
L831–L834, 2000.
[154] A. L. Rosa, J. Neugebauer, J. E. Northrup, C.-D. Lee, and R. M. Feenstra, “Adsorp-
tion and incorporation of silicon at GaN(0001) surfaces,” Appl. Phys. Lett., vol. 80,
no. 11, pp. 2008–2010, 2002.
[155] J. Neugebauer, “Surfactants and antisurfactants on group-III-nitride surfaces,” Phys.
Stat. Sol. (c), vol. 0, no. 6, pp. 1651–1667, 2003.
[156] E. Calleja, M. A. Sa´nchez-Garc´ıa, F. J. Sa´nchez, F. Calle, F. B. Naranjo, E. Mu˜noz,
S. I. Molina, A. M. Sa´nchez, F. J. Pacheco, and R. Garc´ıa, “Growth of III-nitrides
on Si(111) by molecular beam epitaxy. doping, optical, and electrical properties,” J.
Cryst. Growth, vol. 201-202, p. 296, 1999.
[157] E. F. Schubert, I. D. Goepfert, W. Grieshaber, and J. M. Redwing, “Optical properties
of Si-doped GaN,” Appl. Phys. Lett., vol. 71, no. 7, pp. 921–923, 1997.
[158] E. Oh, H. Park, and Y. Park, “Influence of potential fluctuation on optical and elec-
trical properties in GaN,” Appl. Phys. Lett., vol. 72, no. 15, pp. 1848–1850, 1998.
[159] K. Kawasaki, D. Yamazaki, A. Kinoshita, H. Hirayama, K. Tsutsui, and Y. Aoyagi,
“GaN quantum-dot formation by self-assembling droplet epitaxy and application to
single-electron transistors,” Appl. Phys. Lett., vol. 79, no. 14, pp. 2243–2245, 2001.
[160] Y. Arakawa, “Progress in GaN-based quantum dots for optoelectronics applications,”
IEEE J. Sel. Topics Quant. Elect., vol. 8, no. 4, pp. 823–832, 2002.
[161] N. Koguchi and K. Ishige, “Growth of GaAs epitaxial microcrystals on an S-terminated
GaAs substrate by successive irradiation of Ga and As molecular beams,” Jpn. J. Appl.
Phys., vol. 32, pp. 2052–2058, 1993.
BIBLIOGRAPHY 131
[162] C.-L. Wu, L.-J. Chou, and S. Gwo, “Size- and shape-controlled GaN nanocrystals
grown on Si(111) substrate by reactive epitaxy,” Appl. Phys. Lett., vol. 85, no. 11, pp.
2071–2073, 2004.
[163] A. S. O¨zcan, Y. Wang, G. Ozaydin, K. F. Ludwig, A. Bhattacharyya, T. D. Moustakas,
and D. P. Siddons, “Real-time x-ray studies of gallium adsorption and desorption,” J.
Appl. Phys., vol. 100, no. 8, pp. 084 307–6, 2006.
[164] J. H. Lee, M. W. Zh, Z. Y. Abuwaar, N. W. Strom, and G. J. Salamo, “Evolution
between self-assembled single and double ring-like nanostructures,” Nanotech., vol. 17,
no. 15, p. 3973, 2006.
[165] T. Maruyama, H. Otsubo, T. Kondo, Y. Yamamoto, and S. Naritsuka, “Fabrication
of GaN dot structure by droplet epitaxy using NH3,” J. Cryst. Growth, vol. 301-302,
pp. 486–489, 2007.
[166] R. Hesse, P. Streubel, and R. Szargan, “Improved accuracy of quantitative XPS anal-
ysis using predetermined spectrometer transmission functions with UNIFIT 2004,”
Surf. Inter. Anal., vol. 37, no. 7, pp. 589–607, 2005.
[167] D. A. Shirley, “High-resolution X-ray photoemission spectrum of the valence bands of
gold,” Phys. Rev. B, vol. 5, no. 12, p. 4709, 1972.
[168] A. Sidorenko, H. Peisert, H. Neumann, and T. Chasse, “Substrate-dependent wetting
layer formation during GaN growth: Impact on the morphology of the films,” J. Appl.
Phys., vol. 102, no. 4, pp. 044 907–8, 2007.

List of Figures
2.1 Schematic diagram of (a) wurtzite and (b) zinc-blende crystal structures. The
large spheres are the group III elements and the smaller spheres are nitrogen [6]. 6
2.2 Energy gaps (at 300 K) and lattice constants for III–Nitride semiconductors
with WZ (α-phase) and ZB (β-phase) structures [12]. . . . . . . . . . . . . . . 7
2.3 Thermal and lattice mismatches in heteroepitaxy growth [6]. . . . . . . . . . 8
3.1 Schematic diagram showing the VLS growth process of Si NWs [25]. . . . . . 12
4.1 Schematical set up of the MBE growth chamber [105]. . . . . . . . . . . . . . 18
4.2 Schematic diagram of the SEM [106]. . . . . . . . . . . . . . . . . . . . . . . . 19
4.3 Schematic diagram of a conventional TEM [107]. . . . . . . . . . . . . . . . . 20
4.4 Schematic diagram of a PL system. . . . . . . . . . . . . . . . . . . . . . . . . 21
4.5 Schematic diagram of a Raman system [108]. . . . . . . . . . . . . . . . . . . 22
4.6 Schematic diagram of an AFM system [109]. . . . . . . . . . . . . . . . . . . . 23
4.7 Schematic representation of an XPS system. X-rays are produced at the Al
or Mg anode by bombardment of electrons created at the filament. The X-
rays impinge on a sample and produce photoelectrons that are detected after
analysis in the electron energy analyzer. The whole equipment is contained
in a vacuum vessel, sometimes under UHV conditions [107]. . . . . . . . . . . 24
5.1 Schematic of the MBE growth process of NWs in which the relevant processes
such as impingement, adsorption, desorption and diffusion are included. The
symbols in the figure Lw, L, Ltotal and D represent the thickness of the
wetting layer, length, total length and diameter of the wire, respectively. . . . 26
5.2 SEM images of side-view (left) and top-view (right) of GaN NWs grown at
different deposition times: (a) 15 min, (b) 30 min, (c) 45 min (d) 60 min and
(e) 90 min. A change in length, diameter and density with growth time can
be clearly observed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
5.3 Average density of NW as a function of growth time evaluated from the SEM
images in Fig. 5.2. The density saturation takes place at 60 min and then it
decreases due to coalescence. . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.4 (a) Length, (b) diameter and (c) volume distribution of GaN NW as a function
of deposition time. The calculation is based on an average of 40 wires from
each sample. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
133
134 LIST OF FIGURES
5.5 Length and diameter dependence of GaN NWs grown for 360 min. The data
are fitted according to the Eqn. (5.1). The inset shows the corresponding
SEM image. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
5.6 Cross-sectional SEM micrographs of (a) GaN and (b) InN NWs with a growth
interruption of 15 min. (c) InN/GaN heterostructure NWs. . . . . . . . . . . 34
5.7 (a) A schematic of a GaN NW with several AlN barriers of different thickness.
(b) HRTEM image of the same. The layers can be identified from their
alternating different contrast. AlN has higher contrast than GaN. . . . . . . . 35
6.1 Cross-sectional SEM images of GaN NWs grown at different substrate tem-
perature shown in the inset. Ga flux is 3 × 10−8 mbar and N2 flux is 4.0
sccm with 500 W power. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.2 SEM images of GaN NWs grown for 4 hrs at Tsub = 820 C and different Ga
flux of (a) 15 × 10−8 mbar and (b) 20 × 10−8 mbar. . . . . . . . . . . . . . . 39
6.3 Schematic of Ga droplets as well as GaN NDs formation on Si(111). . . . . . 41
6.4 AFM image of Si(111) template substrate with GaN dots. Scan area is
5 × 5 μm2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
6.5 Cross-sectional SEM micrographs of GaN NWs grown on Si(111) substrate.
(a) Sample NC278 is the pre-growth stage at low temperature (757 C) on dot
templates and the growth time is 30 min. (b) NC266 is grown directly on
dot templates at 786 C. (c) NC259 is grown on dot template and pre-growth
stage at 786 C. The relevant parameters can be found in Table 6.2. . . . . . . 42
6.6 SEM images of the samples (a) NC216 grown directly on Si(111) and (b)
NC283 with a 30 min pre-growth stage at low temperature followed by high
temperature growth also on Si(111). Please refer to Table 6.2 for all the
parameter used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43
6.7 Axial growth rate versus diameter of the samples as described in Table 6.2. . 43
6.8 Length and diameter distribution of NWs as a function of deposition time.
The calculation is based on an ensemble of about twenty wires. . . . . . . . . 44
6.9 Side and top view SEM images of GaN NWs grown at ΦGa of (a) 4.5 × 10−8
mbar (NC249), (b) 3.3 × 10−8 mbar (NC256) and (c) 2.4 × 10−8 mbar (NC267). 46
6.10 NW density and axial growth rate at different ΦGa. The highest density is
achieved at lower ΦGa whereas the highest growth rate is obtained at higher
ΦGa. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
6.11 Cross-sectional and top view of SEM micrographs of GaN NWs grown on
Si(100) at (a) 750 C (NC423), (b) 766 C (NC424) and (c) 780 C (NC425).
Ga flux is kept at ΦGa = 3.0 × 10−8 mbar. . . . . . . . . . . . . . . . . . . . 48
6.12 SEM images show the (a) side and (b) top view of GaN NWs (NC105) grown
at ΦGa = 4.5 ×10−8 mbar and Tsub = 780 C. . . . . . . . . . . . . . . . . . . 48
6.13 SEM images of (a) square patterned structure on Si(100), (b) NWs grown
on that pattern and (c) the magnified version of image b. NWs grown on
Si(100) have bright contrast whereas they are dark on SiO2 due to charging
effects. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
6.14 SEM images showing NWs grown on Si(100) in pattern after etching with
HF solution: (a) square patterns of Fig. 6.13(b), (b) line structures and (c)
dense squares. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
LIST OF FIGURES 135
6.15 CL spectrum obtained at 20 kV with a CL bandpass of 2.5 nm. Various peak
contributions have also been shown in color lines. . . . . . . . . . . . . . . . . 51
6.16 Obliquely viewed panchromatic CL image (left) and SE image of GaN NWs.
A comparison of both the images shows that the bright luminescence spots
correspond to NW position. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.17 CL spectra of NC266, NC259, NC283 and NC216 obtained at 10 kV. Lorentzian
fitted functions have also been shown within the spectra to identify various
bands in NWs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
6.18 CL spectra obtained at 10 kV for NW sample at different Ga flux. Contri-
bution from various transitions can be seen. . . . . . . . . . . . . . . . . . . . 57
6.19 CL spectra obtained from samples grown at different substrate temperatures. 59
6.20 PL spectrum of the sample NC16 obtained at 5 K. Peak deconvolution is
shown in color lines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.21 PL spectra at near the band edge of NC266, NC259, NC283, NC216 and
NC278. DBE, ABE and defect peaks are indicated in the spectra to compare
the quality of the crystals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
6.22 Defect related band (DAP) is shown for all the samples. It is intense only for
NC278. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
6.23 PL spectra at near the band edge of NC249, NC256 and NC267. DBE, ABE
and defect peaks are indicated in the spectra. . . . . . . . . . . . . . . . . . . 66
6.24 Defect related bands such as DAP is shown for all the samples. It is intense
only for NC249. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
6.25 Raman spectra of a free-standing GaN nanowire recorded in quasi backscat-
tering geometry for excitation laser power of 0.25 mW near the sample
surface. The inset shows a cross-sectional SEM image of as-grown GaN
nanowires on Si (111). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
6.26 Laser power dependent Raman spectra of GaN NW (a) Raman shift of the
Ehigh2 phonon mode and (b) Coupled LO phonon-plasmon mode. . . . . . . . 70
6.27 Line-width and peak positions of Ehigh2 and L+ modes as a function of lattice
temperature. (a) FWHM of Ehigh2 and L+ mode (b) Peak position of E
high
2
and L+ mode. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
6.28 The electron mobility as a function of laser induced temperature in com-
parison with data extracted from literature for GaN bulk1 [146], bulk2 [147]
and NWs3 [141]. The inset shows Raman spectrum of coupled LO phonon-
plasmon mode (L+) of free-standing GaN NWs for 1 mW (the gray line is
the fitting curve by line shape analysis and open circle is the experimental
curve). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
6.29 Ga NWs grown on clean Si(111) substrates: (a) SEM image with a zoom in
the inset; (b) TEM image with a HRTEM of a NW in the inset. . . . . . . . . 74
6.30 HRTEM images of different single wires grown on Si(111). . . . . . . . . . . . 75
6.31 Well-defined GaN crystalline nanoclusters observed in the “wetting” layer. . . 75
6.32 Length-diameter correlation obtained from TEM images of GaN NWs. . . . . 75
6.33 SEM image of a border region between GaN NWs grown on oxide-free Si(100)
(left side) and on SiO2 oxide layer (right side). . . . . . . . . . . . . . . . . . 78
136 LIST OF FIGURES
6.34 Typical TEM images of GaN NWs grown on SiO2: (a) low magnification
image of a few NWs, (b) low magnification image of a single wire, (c) HRTEM
image of a single NW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
7.1 Cross-sectional SEM micrographs of InN NWs grown on Si(111) at different
Tsub but at constant ΦIn. (a) Sample NC059 is grown at relatively low tem-
perature of 440 C and high density of wires is visible. (b) At 475 C (NC032),
the density is reduced. However, there is a large variation of length. (c)
The density is drastically reduced at 525 C and the wire broadens at the top
(NC033). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
7.2 SEM images of InN NWs grown for 2 hrs at Tsub = 475 C and different ΦIn of
(a) 2.3 × 10−8 mbar (NC058), (b) 2.8 × 10−8 mbar (NC056), (c) 3.9 × 10−8
mbar (NC305) and (d) 1.0 × 10−7 mbar (NC045). . . . . . . . . . . . . . . . 83
7.3 Variation of length and diameter for the sample NC305. . . . . . . . . . . . . 84
7.4 SEM micrographs of InN NWs showing the effects of deposition time at a
constant ΦIn of 3.2 × 10−8 mbar. (a) For a growth time of 120 min, tapering
is visible for all the wires (NC303). (b) At 240 min growth time, the length
of the wires increases with deposition time, but there is broadening in some
of the wires (NC302). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
7.5 Influence of (a) substrate temperature and (b) In flux on the PL spectra of
InN NWs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.6 TEM images of InN NW sample NC033. (a) The bottom and the top part
of the NW can be identified from their diameter, i.e. bottom part, which is
attached to the substrate has smaller diameter than the top. (b) Magnified
image of the bottom part in which a lot of defects such as SFs can be seen. (c)
The density of defects reduces while moving from the bottom to the top. (c)
HRTEM image of highly crystalline NW at the top and their lattice planes
can be identified. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
7.7 TEM images showing different wires from NC044 sample. (a) The sample
contains a lot of SFs at the base as can be easily identified, similar to NC033.
(b) Wires have sharp tips. (c) The wire does not have smooth surface and
some defects at the top can be seen. (d) The wire with the sharp tip appar-
ently shows no SFs. (e) Some wires show lattice planes equally placed and
they are highly crystalline. (f) HRTEM image of a NW which clearly shows
individual atomic planes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
7.8 SEM micrographs of InN NWs grown on Ge(111). Both (a) NC306 and (b)
NC311 are grown at a substrate temperature of 475 C for 120 and 240 min,
respectively. (c) NC309 is grown relatively at higher temperature (490 C)
and NW morphology is not observed. . . . . . . . . . . . . . . . . . . . . . . . 91
7.9 (ω − 2θ) XRD scan of NC311 NW sample. Both Ge(111) and InN(0002)
peaks are clearly visible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
7.10 PL spectra of InN NWs samples: (a) NC306 and (b) NC311 grown for 2 hrs
and 4 hrs respectively. The peak red-shifts and narrows at higher growth time. 92
LIST OF FIGURES 137
8.1 Cross-sectional SEM images of GaN NWs grown on Si(111) doped with dif-
ferent Si fluxes of (b) 1.0 × 10−9 mbar (NC133) and (c) 4.0 × 10−9 mbar
(NC068). An undoped sample (NC061) is also shown in (a) as a reference.
The doped NW has lower density than the undoped one and a broadening at
the top is clearly visible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8.2 SEM micrographs showing Si-doped NW samples grown at substrate tem-
perature of 757 C and Ga flux of (a) 4.4 × 10−8 mbar (NC346) and (b)
3.3 × 10−8 mbar (NC348). The Si flux is kept at 1.0 × 10−9 mbar. . . . . . . 97
8.3 SEM images of Si-doped GaN NWs grown on dot templates at different ΦGa
of (b) 2.3 × 10−8 mbar (NC336) and (c) 3.3 × 10−8 mbar (NC337). An
undoped sample (NC331) grown with ΦGa of 2.3 × 10−8 mbar is shown in
(a) for comparison. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
8.4 (a) Side view and (b) top view SEM images of GaN NW sample (NC131)
doped with Mg. The wires are coalesced in presence of Mg. No thinner wires
are visible as compared to undoped sample in Fig. 8.1(a). . . . . . . . . . . . 98
8.5 CL spectra show an undoped, Si-doped (NC133) and Mg-doped (NC131)
GaN NWs measured at 10 K. The DBE peaks almost remains the same for
both undoped and Si-doped sample. But the Si-doped sample has broader
peak than the undoped one. No YL band is visible. A much broader peak is
visible for Mg-doped sample in which DBE is hardly seen. . . . . . . . . . . . 99
8.6 PL spectra show both the undoped and Si-doped samples grown on dot tem-
plates. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
8.7 Raman spectra of vertically aligned undoped and doped GaN NWs recorded
in backscattering geometry for excitation laser power of 3.65 mW. The inset
shows a fitting curve for Si-doped GaN NWs by line shape analysis. . . . . . 101
8.8 Cross-sectional SEM images showing InN NWs both (a) undoped (NC305)
and doped with different ΦSi of (b) 2.0× 10−9 mbar (NC315) and (c) 5.8 × 10−9
mbar (NC316). Other parameters such as Tsub and ΦIn are always kept at
475 C and 3.9 × 10−8 mbar, respectively. . . . . . . . . . . . . . . . . . . . . 103
8.9 SEM micrographs showing (a) undoped (NC320) and doped InN NWs with
ΦIn of (b) 3.9 × 10−8 mbar (NC319) and (c) 1.2 × 10−8 mbar (NC335). ΦSi
and Tsub are always kept constant at 5.8 × 10−9 mbar and 490 C, respectively.103
8.10 (a) Density and (b) size distribution of Si-doped InN NWs for NC319 and
NC335. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
8.11 Normalized PL spectra of Si-doped InN NW samples. . . . . . . . . . . . . . 105
9.1 AFM images of (a) Ga droplets deposited for 30s and (b) GaN NDs nitridated
for 4 min at different growth temperatures shown in the inset. Scan area is
5 × 5 μm2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.2 Diameter distribution of Ga droplets and GaN NDs analyzed from the AFM
images of Fig. 9.1 for different deposition temperatures: (a) 514 C, (b) 580 C
and (c) 640 C. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
9.3 (a) Equivalent droplet and dot thickness and (b) density of Ga droplets and
GaN NDs as function of deposition temperature. . . . . . . . . . . . . . . . . 109
9.4 Magnified AFM image of a single GaN ND with rough background. The
growth temperature is 640 C and scan area is 1 × 1 μm2. . . . . . . . . . . . 110
138 LIST OF FIGURES
9.5 Surface morphology of GaN nanodots for (a) 2 min and (b) 6 min nitridation
time. The growth temperature is 514 C and Ga droplet deposition time is
30s. Scan area is 2.5 × 2.5 μm2. . . . . . . . . . . . . . . . . . . . . . . . . . 110
9.6 The effects of HCl:H2O (1:2) on GaN NDs with different duration (tHCl).
AFM images of (a) Fig. 9.5(a) and (b) Fig. 9.5(b) after treated them with
HCl solution for 2 min and 10 min, respectively. Scan area is 2 × 2 μm2. . . 111
9.7 HRTEM images of GaN NDs deposited at 580 C. A rough wetting layer along
with some defects as well as good crystallinity of the dots are visible. . . . . . 112
9.8 XPS survey spectra taken at different nitridation time up to 30 min. The
substrate temperature is kept at 514 C for all the samples. The top spec-
trum corresponds to a standard MOVPE-grown GaN sample for comparison.
Various peaks can be visible. The inset shows the surface related Si-peak for
all the samples, which almost diminishes during nitridation process due to a
spreading mechanism of Ga. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
9.9 (a) Ga-3d and (b) Ga-2p XPS core-level spectra recorded during different
nitridation time. All the spectra have been normalized after background
subtraction. Dashed lines are guides for eye in order to visualize the bind-
ing energies of various chemical components. The top curve in both figures
corresponds to the standard GaN MOVPE-grown sample. . . . . . . . . . . . 114
List of Tables
2.1 Physical properties of group III–Nitrides compared to semiconductor usually
used [6, 8–10]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
5.1 Growth parameters of the samples grown on Si(111) with growth interruption.
ΦGa,1 and ΦIn,1 are Ga and In fluxes in the first growth stage and t1 is the
deposition time. GaN and InN wires are grown at substrate temperature of
Tsub = 785 C and 475 C, respectively. ΦGa,2 and ΦIn,2 correspond to Ga and
In fluxes in the second growth stage and t2 is the corresponding deposition
time. While growing InN on GaN, substrate temperature is ramped down
within 5 min from 785 C to 475 C. t2 is the annealing time while t3 is the
deposition time of the second stage. . . . . . . . . . . . . . . . . . . . . . . . 34
6.1 Growth parameters of various samples to study the surface morphology of
GaN NWs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
6.2 Growth conditions for template-assisted grown GaN NWs. First, three sam-
ples (NC278, NC266 and NC259) are grown on the dot template whereas
the other two samples (NC216 and NC283) are grown without dots. Three
samples (NC279, NC281, NC249) have been grown at different duration on a
pre-growth NW stage using the same parameters as NC278. Ts2 and t2 corre-
spond to substrate temperature and growth time (30 min) of the pre-growth
stage, whereas Ts3 and t3 refer to substrate temperature and growth time in
the final growth stage. ΦGa,2 is the constant Ga flux in both the growth stages. 41
6.3 NWs grown on dot template as well as a pre-growth stage (cf. the growth
condition of sample NC278 in Sec. 6.1.2) at different ΦGa for 6 hrs to study
the surface morphology. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.4 Growth parameters of various samples grown on Si(100). . . . . . . . . . . . . 47
6.5 The peak position, width and the normalized intensity relative to the donor-
bound excitons (DBE) as determined from the fitting procedure using Lorentzian
function are presented. The notations of different transitions are also shown
in Fig. 6.15. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
6.6 The peak position, width and the normalized intensity relative to the DBE¸ of
NC266, NC259, NC283 and NC216 are summarized. A Lorentzian distribu-
tion function is utilized to find different band-related peaks in the CL spectra
and these peaks are shown in different color with their notations in Fig. 6.17. 56
139
140 LIST OF TABLES
6.7 Calculated peak position, width and the normalized intensity relative to the
DBE of NWs grown at different ΦGa on the dot templates. . . . . . . . . . . 58
6.8 Fitting data of the CL spectra of Fig. 6.19. The peak position, FWHM as
well as normalized intensity relative to the DBE peak as determined from the
fitting procedure are presented. . . . . . . . . . . . . . . . . . . . . . . . . . . 60
6.9 The peak position, width and the normalized intensity relative to the DBE
of GaN NW. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.10 Lorentzian deconvolution indicated the peak position, width and the normal-
ized intensity relative to the DBE for all the samples. Peaks are shown with
their notations in Fig. 6.21 and Fig. 6.22. . . . . . . . . . . . . . . . . . . . . 64
6.11 Lorentzian deconvolution indicates the peak position and width of various
transitions, which are also shown in Fig. 6.23. . . . . . . . . . . . . . . . . . . 65
6.12 Typical phonon frequencies and symmetries (for 0.25 mW) observed by Ra-
man scattering for free-standing hexagonal GaN NWs. . . . . . . . . . . . . . 69
7.1 Growth parameters of InN NWs grown on Si(111). All the samples are grown
with ΦN = 4.0 sccm and PRF = 500 W. . . . . . . . . . . . . . . . . . . . . . 82
7.2 InN NW samples grown at different Tsub and ΦIn showing the peak position
and FWHM. The laser power is kept at 12 mW and 50 mW for temperature
and flux dependent grown samples, respectively and the measurement takes
place at 5 K. A Gaussian fit function is used to extract these values. Peak
position and FWHM decrease with the increase of Tsub or ΦIn indicating the
improvement of crystal quality. . . . . . . . . . . . . . . . . . . . . . . . . . . 86
7.3 Growth parameters of InN NW samples analyzed by the TEM. . . . . . . . . 87
7.4 Growth parameters of InN NWs grown on Ge(111) with constant In flux of
3.9 × 10−8 mbar. All the samples are grown with ΦN = 4.0 sccm and PRF
= 500 W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90
7.5 InN NW samples (NC306 and NC3111) grown on Ge(111) showing the peak
position and FWHM at different temperature. The laser power is kept at 50
mW. A Gaussian fit function is used to extract these values. Peak position
and FWHM show smaller values for longer NW sample (NC311) as compared
to shorter NW sample (NC306) at the same temperature. . . . . . . . . . . . 93
8.1 Growth parameters of Si-doped GaN NW samples at various growth condi-
tions along with an undoped sample for comparison. A nitrogen flux of ΦN
= 4.0 sccm and a forward power of PRF = 500 W of the rf plasma cell have
been used. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8.2 Growth parameters of Mg-doped GaN NW sample (NC131) with ΦN = 4.0
sccm and PRF = 500 W. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
8.3 Growth parameters of Si-doped InN NW samples at various growth condi-
tions. For the samples NC305, NC315 and NC316, only ΦSi is varied whereas
Tsub and ΦIn are kept constant. The growth morphology at different ΦIn has
also been studied at higher Tsub and ΦSi (NC319 and NC335). The growth
duration is 120 min for all the samples. . . . . . . . . . . . . . . . . . . . . . 102
Acronyms
AFM Atomic Force Microscopy
ABE acceptor-bound exciton
CBE Chemical Beam Epitaxy
CCD charged couple device
CL cathodoluminescence
CMOS Complementary Metal Oxide
Semiconductor
CRT cathode ray tube
CVD Chemical Vapor Deposition
DAP donor-acceptor pair
DBE donor-bound exciton
D-I diffusion-induced
FET field effect transistor
FSNW Free standing NW
FWHM full width at half maximum
HRTEM high-resolution transmission
electron microscopy
IMFP inelastic mean-free path
LED light emitting diode
LO longitudinal optical
MBE Molecular Beam Epitaxy
MOVPE Metal Organic Vapor Phase
Epitaxy
NBE near band edge
ND nanodot
NW nanowire
PAMBE plasma-assisted Molecular Beam
Epitaxy
PL Photoluminescence
PMT photomultiplier tube
rf radio-frequency
SE secondary electron
SEM Scanning Electron Microscopy
SF stacking fault
SO surface optical
TEM transmission electron microscopy
XPS X-ray Photoelectron Spectroscopy
UHV ultra high vacuum
UVL ultra-violet luminescence
VLS vapor-liquid-solid
VS vapor-solid
VSS vapor-solid-solid
WZ wurtzite
XRD X-ray diffraction
YL yellow luminescence
ZB zinc-blende
141

List of Publications
[1] T. Stoica, E. Sutter, R. Meijers, R. K. Debnath, R. Calarco, and H. Lu¨th, “Inter-
face and wetting layer effect on the catalyst-free growth of GaN nanowires”, Small,
vol. 4(6), pp. 751–754, 2008.
[2] R. K. Debnath, R. Meijers, K. Jeganathan, T. Richter, T. Stoica, R. Calarco, and
H. Lu¨th, “Self-assembled growth of GaN nanowires”, J. Phys.: Conf. Ser., 2008
(accepted).
[3] R. K. Debnath, K. Jeganathan, R. Meijers, T. Richter, R. Calarco, T. Stoica, D.
Gru¨tzmacher, and H. Lu¨th, “Self-assembled growth of GaN nanostructures: from
nanodots to nanowires”, 397th Wilhelm and Else Heraus Seminar- Semiconducting
Nanowires: Physics, Materials and Devices, Bad Honnef, Germany, October 2007.
[4] R. K. Debnath, R. Meijers, K. Jeganathan, T. Richter, R. Calarco, T. Stoica, and H.
Lu¨th, “GaN nanowires: epitaxial growth and optical properties”, EMAG Conference,
Glasgow Caledonian University, UK, September 2007.
[5] R. Calarco, R. Meijers, R. K. Debnath, T. Stoica, E. Sutter, and H. Lu¨th, “Nucleation
and growth of GaN nanowires on Si(111) performed by molecular beam epitaxy”, Nano
Lett., vol. 7(8), pp. 2248–2251, 2007.
[6] R. K. Debnath, R. Meijers, T. Richter, T. Stoica, R. Calarco, and H. Lu¨th, “Mecha-
nism of molecular beam epitaxy growth of GaN nanowires on Si(111)”, Appl. Phys.
Lett., vol. 90, pp. 123117–3, 2007.
[7] R. K. Debnath, R. Meijers, T. Richter, N. Thillosen, T. Stoica, R. Calarco, M. Marso,
and H. Lu¨th, “Self-assembly of nitride nanowires grown by MBE”, DPG Conference,
Dresden, Germany, March 2006.
[8] R. K. Debnath, R. Meijers, T. Stoica, T. Richter, R. Calarco, and H. Lu¨th, “Struc-
tural investigations of MBE-grown InN nano-whiskers”, DPG Conference, Dresden,
Germany, March 2006.
143

Acknowledgements
This thesis work is carried out at the Institute of Bio- and Nanosystems (IBN-1) of Research
Center Ju¨lich, Germany. It would not have been possible to finish this work without the
guidance, help and support from the following great minds.
First, I am greatly indebted to Prof. Dr. Dr. h.c. Hans Lu¨th who gave his kind consent
to act as a supervisor and undergo the research work at IBN-1 during the last three years.
His constant interest, support and encouragement during my stay in Ju¨lich pave the way to
finish the work in due course. I am very much honored to find a mentor someone like him.
I am also indebted to Prof. Dr.-Ing. Rainer Waser for kindly accepting to referee this work.
Our institute director, Prof. Dr. Detlev Gru¨tzmacher is greatly acknowledged for supporting
this work further and continuing the financial help through Helmholtz-DAAD fellowship. I
would like to express my gratitude to Dr. Raffaella Calarco who was kind enough to accept
me in her group, introduced the world of nanowires, helped to learn various skills and of
course, corrected the manuscript very carefully at the end.
Dr. Toma Stoica always amazed me for his critical analysis, reasoning as well as valuable
comments that improved lot of things and eased my writing. Still, there are lots to learn
from him.
My two colleagues and friends, Dr. Ralph Meijers and Dr. K. Jeganathan not only
helped to grow the samples for me but also explained various aspects about III–Nitride
nanowire growth. They helped very much to accelerate the work and investigate many
things. I am very much grateful to them. The technical support from Karl-Heinz Deussen
always kept the MBE system alive and he is very much appreciated for that.
I shared the valuable time with my great roommate DP Mr. Thomas Richter who
provided any type of support during my stay in Germany. To be honest, I have perfected
my German language a lot because of him. Other friends and colleagues like DP Mr. Jakob
Wensorra, DP Sergio Estevez-Hernandez, Dipl.-Ing. Benjamin Strang, Dipl.-Ing. Gero
Heidelberger and Dr. Y. S. Cho helped me in various occasions.
Dr. Eli Sutter from Brookhaven National Laboratory, USA has provided high quality
TEM images and helped to understand many difficult things about nanowire.
I wish to thank all the staffs from IBN-PT particularly Dipl.-Ing. Mr. H.- P. Bochem
for SEM and CL work, Ms. S. Bunte and Ms. Jana Mohr for cutting the wafers perfectly
and depositing oxides.
I want to thank PD Dr. Thomas Scha¨pers, Dr. Mihail Lepsa, Dr. Michael Marso, Dr.
Martin Mikulics, Dr. Hilde Hardtdegen, and Dr. Martina van der Ahe for their support in
various occasions.
145
146 Acknowledgements
Dr. Astrid Besmehn and Dr. Niculina Peica from Central Chemical Laboratory (ZCH)
extended their helping hands for some experimental works and they are always appreciated.
I would like to thank Dr. H. Okumura and Dr. M. Shimizu of Power Electronics Research
Center, AIST, Tsukuba, Japan for providing me some GaN samples.
I want to thank the entire administrative team lead by Mr. J. Mu¨ller, in particular
I want to express my gratitude to Mr. Hans-Bernhard Ix and Mrs. Mirjam Seller for
their help and advice in administrative matters. Mrs. Irmgard Kasperek from DAAD is
greatly acknowledged for the same. Mrs. Karin von Czapiewski from Faculty of Electrical
Engineering and Information Technology, RWTH Aachen provided me valuable information
and necessary documents regarding the doctoral studies. I am also grateful to all others not
namely mentioned for their direct and indirect versatile support.
Finally, I am very much grateful to my wife Mrs. Debjani Sarma who took lot of
responsibilities on her, particularly by taking care of my daughter “Ahana” and helped me
to finish the thesis in due time.
Curriculum Vitae
Personal Details
Name : Debnath
First Name(s) : Ratan Kumar
Date of Birth : September 12, 1976
Place of Birth : Mymensingh, Bangladesh
Citizenship : Bangladeshi
Education
01.1980 - 12.1982 : Demonstration School (Primary School), Mymensingh, Bangladesh
01.1983 - 12.1991 : Mymensingh Zilla School (Secondary School), Mymensingh, Bangladesh
06.1991 - 04.1993 : Ananda Mohan College (Higher Secondary), Mymensingh, Bangladesh
07.1995 - 05.1999 : Indian Institute of Technology (IIT), Roorkee, India, Bachelor degree
in Electronics and Communication Engineering
10.2001 - 07.2005 : University of Dundee, UK, PhD degree in Electronic Engineering and
Physics
10.2005 - 09.2008 : RWTH Aachen University, Germany, Doctoral student in Electrical
Engineering
06.02.2009 : Final Examination, Dr.-Ing. Degree in Electrical Engineering
Work Experience
12.1999 - 09.2001 : Lecturer, School of Science, Engineering and Technology, Khulna Uni-
versity, Bangladesh
11.2002 - 12.2004 : Tutor, Faculty of Engineering, University of Dundee, UK
01.2003 - 05.2005 : Contract IT Teacher, Multi-Ethnic Education Project, Bharatiya Ashram,
Indian Cultural Centre for Arts and Music, Dundee, UK
01.2005 - 09.2005 : Research Assistant, JEOL Analytical Electron Microscopy and Surface
Analysis Center, Electronic Engineering and Physics Division, University of Dundee, UK
10.2005 - 09.2008 : Visiting Scientist, Institute of Bio- and Nanosystems (IBN-1), Research
Centre Ju¨lich, Germany
10.2008 - present : e8 Postdoctoral Fellow, Department of Electrical and Computer Engi-
neering, University of Toronto, Canada
147
